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Abstract
The process of invasion and metastasis during tumor progression is often reminiscent of cell
migration events occurring during embryonic development. I hypothesized that genes controlling
cellular changes in the Spemann organizer at gastrulation might be reactivated in tumors. The
Goosecoid homeobox transcription factor is a known executer of cell migration from the
Spemann organizer. I found that indeed Goosecoid is overexpressed in a majority of human
breast tumors. Ectopic expression of Goosecoid in human breast cells generated invasion-
associated cellular changes, including an epithelial-mesenchymal transition. TGF-03 signaling,
known to promote metastasis, induced Goosecoid expression in human breast cells. Goosecoid
induces the expression of E-cadherin repressor SIP 1, scaffolding protein IQGAP 1, and PDGF
signaling components, all which have independently been implicated in tumor metastasis.
Moreover, Goosecoid significantly enhanced the ability of breast cancer cells to form pulmonary
metastases in mice. These results demonstrate that Goosecoid promotes tumor cell malignancy
and suggest that other conserved organizer genes may function similarly in human cancer.
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Chapter 1
Introduction
Metastasis has significant clinical ramifications
Tumor metastasis is the process by which cancer cells disseminate beyond a primary
tumor site, seeding secondary tumors in distant organs. The clinical significance of this process
is substantial. Metastasis is known to cause over 90% of cancer-related deaths (Sporn 1996).
While the eradication of a primary tumor is far from trivial, patients with one localized tumor are
more readily treatable, by surgery and/or localized irradiation, than are patients with numerous
lesions at various sites within the body. For this reason, an adequate understanding of the process
by which cancer cells spread beyond the primary tumor is critical if we are to make gains in
patient outcome. Molecular mechanisms found to drive metastasis could prove invaluable if such
knowledge were translatable into treatments that restrict a tumor to its original site.
Numerous barriers of great complexity prevent tumor metastasis
To date, our understanding of the mechanisms driving tumor cell dispersal is limited, in
part because of the great complexity of this biological process. Carcinoma cells are derived from
epithelial cells, and numerous barriers set in place by normal tissue architecture restrict the
dispersal of such cells beyond the epithelium of a given organ. If a tumor cell is to metastasize, it
must therefore have the ability to bypass these natural barriers. The barriers to metastasis are
thought to be complex, as are the various traits that cells must evolve in order to overcome them
(Steeg 2006).
Normal epithelial cells have very limited migratory capabilities and are anchored in place
both by cell-cell and cell-matrix attachments. Transformed epithelial cells can traverse the
restrictive barrier of extracellular matrix proteins known as the basement membrane by losing
these anchors and acquiring cell motility and invasiveness (Gumbiner 1996). The invasion of
tumor cells through the basement membrane and into the surrounding stroma is a significant step
in tumor progression, paving the way for tumor metastasis. In fact, whether or not a tumor has
broken through the basement membrane is one of the most significant prognostic indicators
currently in use in the clinic, as this feature distinguishes a carcinoma from a tumor growing in
situ (Smith et al. 1984).
The detachment of epithelial cells from their cell-cell and cell-matrix linkages normally
results in a type of apoptosis called anoikis, a Greek word meaning "homelessness" (Frisch and
Francis 1994). Metastasizing cells must acquire genetic or epigenetic lesions rendering them
resistant to such a fate(Steeg 2006).
If tumor cells are to reach distant organs, they must enter, or intravasate, into vessels of
the vasculature or the lymphatic system, which mediate their transport (Wyckoff et al. 2000). For
tumor cells to travel in this way, they must reach and traverse the walls of such vessels. They
must also survive within the environment inside, surviving mechanical shearing forces and
evading detection by immune cells (Chambers et al. 2002).
Finally, tumor cells that will generate distant metastases must exit the vasculature, which
in some cases requires adhesive interactions with the endothelial cells lining the blood
vasculature (Nicolson 1988). Exiting into distant organs is thought to occur by active
extravasation out between the endothelial cells lining the vasculature. Tumor cells may also
effectively exit the vessel by first proliferating within the vessel. If such proliferation generates a
tumor mass that exceeds the size of the vessel, the integrity of the vessel becomes compromised
(Chambers et al. 2002).
Once a tumor cell reaches the parenchyma of a distant organ, it must possess still other
capabilities if it is to generate clinically relevant metastases. Not only does a metastasizing cell
have to remain undetected by various immune cells, but it must survive and adapt to an
unfamiliar stromal microenvironment. Metastasizing tumor cells must also manage to proliferate
within this foreign environment rather than remain dormant, and, ultimately, must generate a
vasculature by way of angiogenesis if the resulting metastases are to grow beyond a minimal size
(Folkman 1986; Chambers et al. 2002). This later stage of metastasis is termed colonization, the
process by which tumor cells seeded in the parenchyma of distant organs generate macroscopic
metastases (Fidler 2002).
If a given tumor cell possesses the characteristics necessary to traverse these various
barriers to metastasis, clinically-relevant metastases can result.
The genetic basis of metastasis
It is generally understood that tumorigenesis is a multistep process that resembles
Darwinian evolution. Successive rounds of mutation, selection and expansion of specific cell
variants within a tissue can give rise to transformed cancer cells (Hanahan and Weinberg 2000).
Further tumor evolution, or progression, can give rise to cells that are increasingly self-reliant. In
time, the continued accumulation of genetic abnormalities can result in tumor cells with
metastatic capabilities (Fidler 2003).
Analyses of the gene expression profiles of bulk tumor cell populations have shown that
metastatic propensity is reflected in a 'poor-prognosis' signature that is evident relatively early in
multistep tumorigenesis (Weigelt et al. 2005). Tumors whose gene expression patterns do not
contain this signature may never progress to metastasis. These differences likely reflect both cell-
of-origin effects as well as early mutation events (Gupta et al. 2005b) and suggest that it is the
tumor as a whole that predicts metastatic propensity (Ramaswamy et al. 2003). However,
metastatic tumors are known to consist of heterogeneous collections of tumor cells, and rare
variants within tumors are especially aggressive (Fidler and Kripke 1977; Kang et al. 2003).
These variants may result from additional mutations as well as from epigenetic changes induced
by the tumor microenvironment, which will be discussed in greater detail. Kang and colleagues
confirmed that highly aggressive and weakly aggressive tumor cell variants could be separated
from within a 'poor prognosis' parental cell population (Kang et al. 2003). For these reasons, the
metastatic propensity of a given tumor is thought to be dictated by the genetic nature of the
tumor in its entirety (a.k.a. whether it fits a 'poor' or 'good' prognosis profile) as well as the
nature of rare variants harbored within the tumor (Hynes 2003). This indicates that it is not
merely the acquisition of late-stage mutations that causes metastasis but the nature of early
events as well (Bernards and Weinberg 2002).
Transformed cells are thought to acquire a metastatic phenotype by evolving the capacity
to bypass the natural barriers limiting tumor cell dispersal, as described. The selection of rare
variant tumor cells with these capabilities likely occurs both within the primary tumor mass and
at distant sites. Selective pressure is provided, at least in part, by these biological barriers (Fidler
2003). Experimental evidence has indicated that colonization, or the creation of macrometastases
within a foreign organ, is the main bottleneck in metastasis. Chambers and colleagues have
observed that, while the vast majority (83%) of melanoma cells injected into the mouse
circulation arrest in the liver, the first capillary bed, only 0.02% of the original cell population
could progress beyond this stage to form macrometastases (Weiss 1990). Other studies also
suggest that additional rounds of mutation and cell selection may occur beyond a primary tumor,
at the distant metastatic site. For example, it has been demonstrated that tumor cells harbored
within the parenchyma of a distant organ can awaken from dormancy upon acquiring angiogenic
capabilities, allowing micrometastases to become vascularized (Holmgren et al. 1995). Another
study revealed that the genetic abnormalities in single breast tumor cells in the bone differ
significantly from that of cells within the primary tumor. This indicates that such tumor cells
most likely dispersed quite early during tumor progression and that their genomes continued to
evolve at the distant site (Schmidt-Kittler et al. 2003).
Experimental approaches for identifying genes underlying metastasis
As has been previously mentioned, the genetic basis of the metastatic phenotype is
thought to be significantly complex, given the numerous and substantial biological barriers that
prevent metastasis. Certain molecular signals that help tumor cells overcome these various
barriers have only recently been elucidated, and our understanding of the molecular mechanisms
behind metastasis remains limited. Nevertheless, to date, several experimental approaches have
identified numerous genes underlying the metastatic phenotype.
One especially powerful approach harnesses in vivo selection pressures, enabling the
isolation of more aggressive subsets of tumor cells contained within a heterogeneous tumor cell
population as well as increasingly aggressive derivatives thereof. Subsequent gene expression
analyses can identify metastasis genes that may be functional drivers of the more aggressive
phenotype. Examples include the use of the experimental metastasis assay as a means of
screening for metastasis genes, notably employed by Clark and colleagues, in which especially
aggressive melanoma cell variants within a mildly metastatic cell line were isolated following
the injection of the parental cell line into the tail vein of laboratory mice (Clark et al. 2000). Cells
injected in this way travel to the first capillary bed they come upon, in this case that of the lung,
yet only those cells that can successfully colonize the lung will generate lung macrometastases.
Cells that are re-isolated from the metastases that eventually arise in the lungs of such mice can
either be re-injected for the selection increasingly aggressive variants or can be examined
directly, by mRNA microarray analysis.
Comparisons made in this way between the gene expression patterns in the parental
versus the re-isolated tumor cell populations served to identify genes that correlate with the
metastatic phenotype (Kang et al. 2003). Such genes can then be subsequently functionally
validated as bona fide necessary and/or sufficient mediators of metastasis, as was successfully
demonstrated in the Clark study. Variations on this approach have also led to the successful
identification of genes that determine tumor cell-target organ compatibility, an important area of
study within metastasis research.
Another observation made by Yang et al in our laboratory during the course of the
research described herein made use of a set of four mammary cancer cell lines derived from a
single spontaneously-arising mouse mammary tumor (Aslakson and Miller 1992; Yang et al.
2004). While the four cell lines form primary tumors that grow with the same kinetics when
injected orthotopically into mice, they do not possess equivalent metastatic capabilities. One line
generates macroscopic lung metastases, another falls a step short by reaching the lung by way of
the vasculature but remains dormant within the lung parenchyma, another cannot extravasate out
of the vascular circulation, and a fourth cannot enter the vasculature but remains localized at the
primary tumor site. A comparison of the mRNA in primary tumors generated with these lines, by
microarray analysis, identified genes that were subsequently confirmed to be essential for
metastasis (Yang et al. 2004).
Other in vivo approaches have led to the identification of genes that are essential to tumor
invasion and metastasis. Transgenic mouse models of tumorigenesis express activated oncogenes
or contain silenced tumor suppressor genes. Such mice are powerful tools, as they often
reproducibly exhibit multistep tumorigenesis and can be interbred to examine the cooperativity
of various oncogenes (Van Dyke and Jacks 2002). Two examples are the RiplTag2 mouse
model of pancreatic P-cell carcinogenesis (Perl et al. 1998) and the polyoma middle T
oncoprotein (PyMT) model of breast carcinogenesis (Lin et al. 2003).
In vitro assays have also been developed that allow for the modeling of various aspects of
tumorigenesis and progression in an especially tractable way. Such assays generally model
particular subsets of tumor cell functional phenotypes that are known correlates of metastatic
ability in vivo. Examples include 3D epithelial cultures, which can be used to examine
mechanisms regulating cell polarity, apoptosis, proliferation, and invasion, among other
properties (Debnath and Brugge 2005). Other examples include (1) wound closure assays and
transwell migration assays, which measure cell migration; (2) transwell invasion assays, which
model the migration of cells through a basement membrane (Eccles et al. 2005); and (3) soft agar
assays, which can serve as a readout for anchorage-independent growth (Wang 2004).
The analysis of clinical tumor samples can also identify genes underlying metastasis
A key reagent for identifying genes that are important in tumor progression and
metastasis is clinical tumor tissue. Such tissue can be obtained with permission from cancer
patients, and normal tissue from the relevant type of epithelium can sometimes be obtained for
use as a control. Samples of metastases are only rarely obtained, as the surgical removal of
metastases is relatively uncommon. mRNA expression analysis using microarrays and other
technologies (e.g. SAGE, differential display) provides a comparison of the gene expression
patterns in the tissue types examined (Weeraratna 2005).
One benefit of directly examining clinical tumors is that genes identified as differentially
expressed between aggressive and non-aggressive samples, for example, might actually play a
functional role in clinical tumors, given that they are identified in a patient-relevant context.
However, genes whose expression patterns vary with a clinical phenotype are merely showing a
correlative relationship and functional assays are therefore still required to confirm whether or
not such genes have functional significance.
Such an examination of clinical tumors was used to identify a 'poor-prognosis' signature
present in a subset of tumors, as discussed earlier (Weigelt et al. 2005). However, such
examinations of the global gene expression of bulk tumors have met with some controversy.
Certain signatures are not always reproducible across different sets of tumor samples and in
different labs (Li et al. 2005). This may be in large part because clinical samples are usually a
mixture of various cell types, and therefore most analyses are performed using samples that
contain tumor cells as well as stromal cells (immune cells, fibroblasts, endothelial cells, etc) in
unknown and possibly inconsistent proportions. This complication can limit the power of bulk
tissue comparisons, and has prompted the use of laser capture microdissection. Microdissection
allows for an accurate comparison of tumor cell populations of known identity, because only the
desired subset of cells within a tissue are examined (Ladanyi et al. 2006).
A role for the stromal microenvironment in tumor progression
Importantly, the phenotype of tumor cells is not dictated solely by the genetics and
epigenetics of the tumor cells themselves, but also by the effects of the surrounding
microenvironment (Fidler 2003). Carcinoma cells grow in close juxtaposition to their stromal
cell neighbors, including fibroblasts, immune cells, and cells of the vasculature which they are
able to recruit and subvert by mechanisms that are incompletely understood. Stromal cells
recruited and altered in this way can generate what is termed a desmoplastic response, which is
marked by changes in the composition of the extracellular matrix (Dvorak 1986). Such a
recruitment of stromal cells can generate an altered tumor microenvironment that favors
tumorigenesis and progression (Elenbaas and Weinberg 2001). Experiments have in fact shown
that a desmoplastic response actually promotes tumorigenesis, predisposing adjacent epithelial
cells to the eventual acquisition of genetic mutations (Sternlicht et al. 1999).
Most stromal cells present within a tumor are myofibroblasts, or 'activated' fibroblasts,
which are a type of fibroblast normally found in wounds during healing (Ronnov-Jessen et al.
1996). Myofibroblasts express large quantities of growth factors, proliferate more rapidly than
normal, and are thought to give rise to the tumor-promoting desmoplastic response. Indeed, a
large body of research connects the wound-healing response to tumorigenesis and progression,
and, consequently, tumors are frequently referred to as wounds that do not heal (Dvorak 1986).
Interestingly, stromal cells are thought to co-evolve along with their tumor cell neighbors,
as evidenced by distinct epigenetic differences in normal versus tumor-associated stromal cells
that vary with tumor stage (Hu et al. 2005). In a study in our lab by Orimo and colleagues,
fibroblasts within a carcinoma were found to acquire expression of SDF-1, which consequently
recruit endothelial progenitor cells important for angiogenesis into the primary tumor mass.
SDF-1 can also bind the CXCR4 receptor, which is often abnormally upregulated on the tumor
cells themselves, directly stimulating tumor cell proliferation (Orimo et al. 2005). The
persistence of these contextual signals can generate increasingly aggressive tumor cell
populations over time. However, it is important to note that cancer cells within a tumor are
differentially exposed to such environmental influences.
Tumor cells within a tumor mass show variable gene expression, not only according to
their genetic and epigenetic differences, but also according to their location within the tumor
mass. Distinct differences in the levels and/or subcellular localization of various proteins have
been observed in tumor cells at the invasion front of certain tumors, where tumor meets stroma,
compared to cells at the center of the tumor. Examples of proteins observed to be upregulated at
the invasive edge of tumors include tenascin C, various matrix metalloproteinases, and nuclear 3-
catenin (Kitadai et al. 1996; Kuniyasu et al. 2000; Brabletz et al. 2001; Beiter et al. 2005). Other
proteins are downregulated at the tumor edge, such as E-cadherin (Brabletz et al. 2001).
Strikingly, the upregulation of tenascin C, MMPs, and nuclear P-catenin are known correlates of
poor prognosis (Jahkola et al. 1998; Ondruschka et al. 2002; Baldus et al. 2004), as is the
downregulation of E-cadherin (Berx and Van Roy 2001).
Together, these observations suggest that the cells at the invasion front within tumors
may be especially aggressive because of exposure to stromal signals, and that it is this
subpopulation of tumor cells that ultimately seed metastases in distant organs (Brabletz et al.
2001). Moreover, the gene expression patterns distinct to this subpopulation of cells may be
unstable because these patterns presumably depend on the continued presence of the contextual
signals that induced them.
The variation in gene expression between tumor subregions warrants careful study, as it
is likely to reveal key mechanisms driving tumor progression. Unfortunately, standard gene
expression analyses of clinical or experimental tumors can easily miss these variations. Most
often the tissue examined consists of tumor cells from both the inner and outer subregions of a
tumor, and subtle gene expression changes localized to the edge of a tumor become obscured
when the mRNA of cells throughout a tumor is pooled. This is especially likely to be the case for
classes of genes such as transcription factors that can generate functional changes in cellular
phenotype with only a relatively modest degree of upregulation. Indeed, a comparison of the
gene expression profiles of tumor cells at the edge versus the center of tumors by careful
microdissection will likely identify invasion and metastasis regulators.
Evidence of an epithelial-mesenchymal transition (EMT) in cancer
When this thesis work began, a role for stromal cells in tumor progression was becoming
increasingly apparent. In thinking about the possible role of the stroma in promoting tumor cell
aggressiveness, we were especially intrigued by reports in the literature of cell
transdifferentiation occurring within clinical tumors. More specifically, evidence of a
transdifferentiation process known as an epithelial-mesenchymal transition (EMT) had been
reported (Birchmeier et al. 1996).
By definition, carcinomas derive from the epithelial cells that comprise a given tissue.
During an EMT, such cells lose their polarity, change morphologically as a result of cytoskeletal
rearrangements, and undergo significant changes in cell-cell and cell-matrix adhesion. These
effects are mediated, at least in part, by the downregulation of epithelial cellular components
(e.g., E-cadherin and cytokeratins) and by the upregulation of mesenchymal proteins (e.g., N-
cadherin and vimentin) in their stead (Thiery and Sleeman 2006). Epithelial cells that have
undergone an EMT in this way acquire properties that are more characteristic of mesenchymal
cells (e.g., fibroblasts), including motility and invasiveness. A schematic of the EMT shift is
shown in Figure 1.
Moreover, histological examinations of various human primary tumors and metastases
had revealed that an EMT is generally restricted to the outer region of an expanding tumor mass
(Birchmeier et al. 1996; Brabletz et al. 2001). This restriction of an EMT to the invasion front
suggested that the signal(s) that elicit an EMT may be contextual, possibly originating in the
stromal cells at the invasion front, where the tumor and stromal cell populations are in close
juxtaposition. Moreover, it supported the idea that the EMT transition might be critical for tumor
invasion (Birchmeier et al. 1996).
In vitro assays confirmed that the acquisition of these EMT-associated mesenchymal
qualities enhances the invasiveness and motility of cancer cells (Birchmeier and Birchmeier
1995). Moreover, at the time we began this work, an EMT was believed to play a significant role
in human cancers, including breast, gastric, and colon. Evidence of an EMT in clinical tumors
was known to correlate with a poor prognosis (Birchmeier et al. 1996).
During the course of this thesis work, several experimental studies provided additional
support for a functional link between EMT and tumor metastasis. For example, certain proteins
that can induce an EMT in mammalian mammary epithelial cells, such as Twist and TGF-f3,
were found to be necessary for the metastatic behavior of tumor cells in vivo (Grunert et al. 2003;
Yang et al. 2004). FSPl/S100A4, a fibroblast-specific protein, was found necessary for the
induction of an EMT by certain cytokines, and the selective depletion of carcinoma cells
inducing this protein within a primary tumor resulted in the suppression of metastasis in vivo
(Okada et al. 1997; Xue et al. 2003). And, in clinical breast tumors alone, partial or complete loss
of E-cadherin has been confirmed to correlate with tumor grade, invasiveness, de-differentiation,
and poor prognosis (Berx and Van Roy 2001).
The EMT is essential for numerous normal biological processes
Importantly, the EMT process is not strictly a pathological process. On the contrary, it is
known to be essential for normal development and tissue homeostasis. More specifically, an
EMT is required for various tissue remodeling events that occur during embryonic development
(Thiery 2003), wound healing (de Iongh et al. 2005), and mammary branching morphogenesis
(Fata et al. 2004). The concept of an EMT in fact originated from studies of organismal
development. The various cell movements that drive gastrulation and other developmental
processes, such as neural crest formation and organogenesis, all require an epithelial-to-
mesenchymal shift in cellular phenotype (Shook and Keller 2003).
One developmental process that displays especially striking similarities to tumor invasion
and metastasis is gastrulation. This critical process generates the three germ layers- ectoderm,
mesoderm and endoderm- and establishes the basic organismal body plan by way of highly
coordinated cell movements. Gastrulation is initiated by a conserved group of cells originally
characterized in Xenopus laevis as the Spemann organizer (Niehrs 2004). The organizer is
conserved across vertebrates and corresponds to the dorsal blastopore lip in Xenopus, the
embryonic shield in zebrafish, Hensen's node in birds, and the anterior primitive streak (or node)
in mouse (De Robertis 1995).
In higher vertebrates, the organizer cells undergo an EMT at the onset of gastrulation.
These epithelial cells break their cell-cell junctions, acquire a mesenchymal morphology, and
ingress into the interior of the embryo, migrating as individual mesenchymal cells (Gilbert
1997). These changes mirror the biochemical and functional changes that define an EMT during
tumor progression. Thus it may be that the tumor cell plasticity thought to drive metastasis
results from the corruption of an endogenous cell plasticity program essential for normal
development that is hardwired into all cells.
Extracellular signals implicated in EMT induction
To date, numerous signaling pathways have been implicated in EMT regulation. Signals
observed to be capable of inducing an EMT in epithelial cells in vitro include SF/HGF (scatter
factor/hepatocyte growth factor), FGFs (fibroblast growth factors), EGFs (epidermal growth
factors), TNFa (tumor necrosis factor a), PDGFs (platelet-derived growth factors), members of
the TGF-P (transforming growth factor P) superfamily, Wnt/3-catenin signals, and IGFs (insulin-
like growth factors) (Figure 1) (Jouanneau et al. 1991; Hoschuetzky et al. 1994; Gilles et al.
1997; Portella et al. 1998). Just as evidence of an EMT in tumors is associated with a poor
prognosis, so are many of these EMT regulators (Lin et al. 2000).
While the exact mechanisms by which these signaling pathways induce an EMT remain
under intense investigation, many important concepts have emerged. The degree to which
various types of cells in various settings undergo a transition from the epithelial to mesenchymal
phenotype in response to given signals differs significantly. This indicates that numerous states
of partial EMT exist and that the EMT is not simply a binary process (Thiery and Sleeman
2006). Also, there is extensive cross-talk between different EMT-inducing signaling pathways,
and thus the orchestration of this switch between the epithelial and mesenchymal states is
complex.
Provocatively, at the time we began this thesis work, evidence of elevated TGF-0 and
Wnt-p-catenin signaling had been detected at the invasion front of certain clinical tumors (Dalal
et al. 1993; Brabletz et al. 1998). The upregulation of these signals specifically at the tumor edge
supported a role for these signals in inducing the EMT and aggressive cell phenotypes associated
with this tumor subregion. Moreover, this observation suggested that these signals were elevated
as a result of contextual signals, as previously mentioned.
More specifically, TGF-p1 levels were found to be elevated at the edge of both
infiltrating ductal-type breast carcinoma and associated lymph node metastases (Dalal et al.
1993). In a second study, the nuclear localization of p-catenin, a protein in the Wnt pathway,
correlated with evidence of an EMT at the invasive edge of both primary colon tumors and
metastases (Brabletz et al. 1998). The p-catenin in cells at the center of these tumors was instead
observed to be localized to the cell membrane, where it is anchored to E-cadherin as a
component of adherens junctions. The translocation of p-catenin to the nucleus was known to be
contingent upon both its release from these junctions as well as its protection from APC
(adenomatous polyposis coli)-mediated degradation. Nuclear p-catenin binds Tcf/Lef (T-cell
factor/lymphoid enhancer factor) transcription factors to activate numerous target genes (Kikuchi
2000). These target genes include known oncogenes c-myc and cyclin Dl (Tetsu and McCormick
1999), as well as EMT-associated genes including slug, fibronectin, vimentin, and several matrix
metalloproteinases (Brabletz et al. 1999; Gradl et al. 1999; Gilles et al. 2003; Sakai et al. 2005).
Importantly, the nuclear localization of p-catenin in cancer correlates with a poor prognosis (Lin
et al. 2000).
The Spemann organizer gene, Goosecoid, as a potential cancer gene
The parallels between gastrula organizer biology and tumor malignancy suggested that
common signals may drive gastrulation and metastasis. We therefore directed our attention to the
Goosecoid (Gsc) gene, which encodes a well conserved transcription factor that recapitulates
many of the properties of the organizer when ectopically expressed in the amphibian embryo
(Cho et al. 1991; Blum et al. 1992; DeRobertis 2004). Intriguingly, elements of the TGF-3
superfamily and Wnt/p-catenin signaling pathways, which are known to be upregulated at the
invasion front of certain tumors as just discussed, can synergistically induce Gsc expression in
embryonic cells and are required for Spemann organizer formation (Watabe et al. 1995; Moon
and Kimelman 1998; Thiery 2002). These parallels became the basis for the thesis research
described herein and they are summarized graphically in Figure 2. For these reasons, we sought
to ascertain whether the organizer gene Gsc plays a role in neoplastic disease. Goosecoid and its
encoded protein had not been previously studied in the context of human cancer pathogenesis.
Goosecoid in embryogenesis
Over two decades ago, developmental biologists performed a screen specific for
homeobox genes expressed in the Xenopus organizer, in an attempt to identify master regulators
of Spemann organizer function. Gsc was first identified as the most highly expressed homeobox
gene in the Xenopus organizer by way of this screen (Blumberg et al. 1991). Gsc was named as
such because the homeodomain of its encoded protein was observed to be similar to that of the
Drosophila proteins Bicoid and Gooseberry (Blumberg et al. 1991). Gsc is a member of the
paired homeodomain protein family and contains a lysine at position 50 in the homeobox
(instead of glutamine as in Hox genes) (Blumberg et al. 1991). Since the discovery of Gsc, a
closely related gene was discovered and named Goosecoid-like (Galili et al. 1997).
Gsc is expressed specifically in the dorsal lip of the Xenopus blastopore at the onset of
gastrulation. Indeed the expression of Gsc serves as a marker of organizer tissue (Cho et al.
1991). All vertebrates examined have been found to express Gsc in their organizer region, and
invertebrates express Gsc at gastrulation as well (Broun et al. 1999; Arendt et al. 2001). Later,
days after the initiation of gastrulation, Gsc is expressed in the developing head, limbs, and
ventral body wall (Rivera-Perez et al. 1995; Yamada et al. 1995). Notably, Gsc-like shows a
different expression pattern as it is expressed in the developing brain and primordial germ cells
(Galili et al. 1998).
The injection of Gsc mRNA opposite the Xenopus organizer region generates a secondary
embryonic axis, demonstrating that Gsc can execute some of the organizer properties associated
with the dorsal lip (Cho et al. 1991; Yao and Kessler 2001). Importantly, Gsc has separately been
shown to activate the migratory properties of cells expressing it (Niehrs et al. 1993). In addition,
uninjected neighboring cells are recruited to this twinned dorsal axis by the action of secreted
Gsc targets, such as Chordin and Frzb-1, a Wnt antagonist (Sasai et al. 1994; Leyns et al. 1997).
A Gsc knockout mouse has been generated and mutants die shortly after birth and show
various abnormalities but do not have a gastrulation phenotype. This observation came as a
surprise and directly contradicted observations in Xenopus showing that antagonism of Gsc
function results in inhibition of both gastrulation movements and dorsal differentiation,
generating severe axial defects (Steinbeisser et al. 1995; Ferreiro et al. 1998; Yao and Kessler
2001). The absence of a gastrulation defect in the Gsc knockout mouse may result from
functional compensation by other genes (DeRobertis 2004). The normal expression patterns and
functions of such genes may or may not match those of Gsc in murine embryos. Gsc-like, a Gsc
homolog, may partly compensate for Gsc (Funke et al. 1997), as may HNF303/Foxa2, a nuclear
transcription factor shown to be capable of compensating for Gsc to some degree (Filosa et al.
1997).
Gsc is able to function both as a transcriptional repressor and activator by way of its
binding partners. The organizer-specific secreted protein, chordin, for example, is upregulated by
Gsc in Xenopus embryos (Sasai et al. 1994). Gsc directly represses other genes, such as Xwnt8,
an organizer function antagonist, and Gsc itself in an autoregulatory negative feedback loop
(Danilov et al. 1998; Yao and Kessler 2001). Gsc represses target genes by the necessary binding
of Groucho (Gro) co-repressor proteins (Jimenez et al. 1999), and target genes are thought to be
silenced by both histone deacetylase-dependent and -independent mechanisms (Chen and Courey
2000). Gsc binds target sequences as well as its various binding partners through the near-
palindromic DNA sequence TAATCCGATTA (Wilson et al. 1993).
The Gsc promoter contains two growth-factor-responsive elements as previously
mentioned. A proximal element is activated by Wnt/p-catenin signals and a distal element by
TGF-P3/Activin/Vgl/Nodal signals (Watabe et al. 1995). More specifically, the proximal element
is directly bound by homeodomain proteins Siamois and Xtwn, whose expression is induced by
maternal p-catenin (Laurent et al. 1997). The distal element is directly bound by a complex
consisting of Mixer and Smad2/4, transcription factors that are activated by TGF-
P/Activin/Vgl/Nodal signals (Figure 2) (Germain et al. 2000). Both the proximal and distal
elements are necessary for adequate levels of Gsc expression in the Spemann organizer and are
structurally and functionally conserved between Xenopus and mouse (Watabe et al. 1995).
TGF-3 signals and Wnt/p-catenin signals are active in distinct regions of the Xenopus
embryo (throughout the vegetal hemisphere and the dorsal side, respectively) and the site of
overlap corresponds to where the organizer forms and Gsc is expressed (Watabe et al. 1995;
Larabell et al. 1997). Siamois, TGF-0 signaling, and p-catenin are required for formation of the
organizer and embryonic axes and for the expression of organizer genes (Hemmati-Brivanlou
and Melton 1992; Heasman et al. 1994; Fan and Sokol 1997). Together, these observations
suggest a model in which the spatial overlay of TGF-3 signals and Wnt/p-catenin signals
specifies the organizer by activating organizer genes such as Gsc, which in turn activate
additional organizer genes such as chordin (Sasai et al. 1994; Watabe et al. 1995).
In the mouse, the transforming growth factor P (TGFi), Wnt, and FGF signaling
pathways are required for cell migration from the primitive streak (a.k.a. mouse organizer) and
for Gsc expression at gastrulation (Liu et al. 1999; Sun et al. 1999; Brennan et al. 2001). Activin
can induce Gsc in early mouse embryos (Blum et al. 1992), as it can in Xenopus animal caps in
the absence of protein synthesis (Cho et al. 1991). TGF-0 and FGF-5 are expressed in the mouse
gastrula at the time of Gsc induction, yet the localization of the expression of these factors
suggests that they may not induce Gsc (Haub and Goldfarb 1991; Hebert et al. 1991; Slager et al.
1991).
Other developmental transcription factors since linked to the EMT and tumor invasion
Since I first began this line of inquiry, other developmental transcription factors,
including SNAIl (Snail), SNAI2 (Slug), SIPI(ZEB2), Twist, 8EFI (ZEB1), and E47 (E12), have
been linked to E-cadherin downregulation and tumor cell invasion (Savagner et al. 1997; Batlle
et al. 2000; Cano et al. 2000; Comijn et al. 2001; Perez-Moreno et al. 2001; Yang et al. 2004;
Eger et al. 2005; Gupta et al. 2005a). E47 and Twist are basic helix-loop-helix proteins. Snail
and Slug are zinc finger proteins, as are SIP 1 and 8EF 1 but with the addition of a homeodomain
(Thiery 2002). All have been found to transcriptionally repress E-cadherin by directly binding
the E-box elements within the proximal promoter (Hajra et al. 2002) (Eger et al. 2005) (Perez-
Moreno et al. 2001; Yang et al. 2004).
During embryogenesis, SNAIl (Snail), SNAI2 (Slug) and Twist are required for
mesoderm formation in Drosophila and neural crest development in vertebrates (Thiery and
Sleeman 2006), two processes in which an EMT and cell migration are critical (Shook and Keller
2003). E47 expression is specific to the mesoderm in the mouse, suggesting a role for this
transcription factor in either the initiation or the maintenance of the mesenchymal state, or both.
SIP 1 was discovered by way of its interactions with Smads, and is expressed in human tissues
that are E-cadherin negative, including in the central nervous system, various muscle types, and
in hematopoietic cells (Postigo and Dean 2000).
Other classical developmental pathways, such as the Notch/Jagged and Hedgehog
pathways, have also been recently tied to EMT induction. Notch was found to be expressed
during development where an EMT occurs, including during cardiac development where its
function is in fact essential for endocardial EMT (Timmerman et al. 2004). Moreover, this signal
was also found to be necessary for a TGF-P induced EMT in epithelial cells. Integrated Notch
and TGF-P signaling downregulates E-cadherin expression by inducing Snail (Timmerman et al.
2004; Zavadil et al. 2004).
The independent discovery of a role for these various developmental genes in the EMT
and tumor cell invasion, together with our studies of Gsc, strongly argue that the reactivation of
developmental gene programs in human tumors is a potent route to metastasis.
Perspectives
The described similarities between the biology of tumor metastasis and gastrulation
suggested that genes controlling cell migration in the embryonic organizer might likewise
promote tumor invasion and metastasis. Provocatively, the well conserved transcription factor
Goosecoid, which is essential for normal cell migration from the Spemann organizer, was known
to be synergistically regulated at gastrulation by signaling pathways that were also known for
their prominent roles in tumor invasion and metastasis. I therefore hypothesized that the
Goosecoid homeobox gene may play a significant role in tumor metastasis, a context in which it
had not been previously examined.
In addressing this hypothesis, I sought evidence of Goosecoid expression in human
tumors in order to ascertain its potential clinical relevance. I used multiple approaches to identify
signals that might induce Goosecoid during tumor progression, as well as signals that Goosecoid
might function through. I also sought to discern the functional consequences of Goosecoid
expression in adult epithelial cells. The results described here strongly support the notion that
this embryonic transcription factor can indeed be appropriated opportunistically by human
cancer cells, allowing such cells to acquire certain characteristics needed to overcome key
barriers to tumor metastasis.
Figure 1. The epithelial-mesenchymal transition (EMT)
Cellular changes associated with an EMT are depicted in the schematic. Examples of epithelial
markers that typically are lost as part of an EMT, such as various adherens and tight junction
components, are listed, as are various mesenchymal markers that are typically induced.
Regulatory pathways that are known to play a role in regulating the EMT are also listed.
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Figure 2. A hypothesized role for Goosecoid in tumor invasion
A. The induction of Goosecoid at the Spemann organizer is induced by the convergence of TGF-
p and Wnt signals as shown.
B. The molecular mechanism by which the Goosecoid promoter is induced by these pathways is
depicted in detail. Note that the induction of Goosecoid by P-catenin/tcf transcriptional activity is
not direct.
C. Observations in the literature are compiled into a visual illustration of thesis hypothesis.
Goosecoid may be induced in a tumor context where it recapitulates its functions in the
organizer. One hypothesized mechanism for the induction of Goosecoid in a tumor setting is as a
similar convergence of TGF-P and Wnt signals at the invasion front of tumors. Differential
subcellular localization of p-catenin at the invasion front as well as differential levels of TGF-P
at the invasion front suggested the possibility that Goosecoid might be upregulated at the tumor
edge as a result of a convergence of these signals. The differential patterns of TGF-1 and P-
catenin across a tumor likely reflects the influence of stromal signals. PE, proximal element in
Goosecoid promoter; DE, distal element in the promoter.
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Chapter 2
A Role for the Spemann Organizer Gene,
Goosecoid, in Tumor Metastasis
Kimberly A. Hartwelll' 2, Jing Yang 1, Sendurai A. Mani1 , Sarah Frew 2, Lei Xu2' Beth Muir3 ,
Ferenc Reinhardt', Anne E. Carpenter', George Bell', Mary Rockas', Dennis C. Sgroi 3, and
Robert A. Weinberg',2
'Whitehead Institute for Biomedical Research, Cambridge, Massachusetts 02142 USA
2Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 USA
3Department of Pathology, Harvard Medical School, Molecular Pathology Research Unit, Massachusetts
General Hospital, Boston, Massachusetts 02129 USA
Published in abridged form in:
Hartwell KA, Muir B, Reinhardt F, Carpenter AE, Sgroi DC, Weinberg RA. The Spemann Organizer
Gene, Goosecoid, Promotes Tumor Metastasis. Proc Natl Acad Sci USA. 2006 Dec 12;103(50):18969-74.
C 2006 by the National Academy of Sciences of the United States of America, all rights reserved.
Weinberg R A (2007) The Biology of Cancer (Garland Science, New York).
FOXC2 collaboration (Figure 9B) published in:
Mani AS, Yang J, Brooks M, Schwaninger G, Zhoul A, Miura N, Kutok JL, Hartwell KA, Richardson
AL, Weinberg RA. Mesenchyme Forkhead 1 (FOXC2) plays a key role in metastasis and is associated
with aggressive basal-like breast cancers. In review.
The analyses involving Twist were completed in collaboration with Jing Yang,
and the analyses involving FOXC2 were completed in collaboration with Sendurai Mani. Lei Xu
generated the cDNA samples of the increasingly aggressive metastatic melanomas and Sarah
Frew performed the immunoblotting of IQGAP 1 in Goosecoid-expressing HMECs. Dennis Sgroi
participated in the design of the ductal-type clinical tumor analysis and in data analysis, Beth
Muir performed the quantitative real-time RT-PCR using the ductal samples. Anne Carpenter
leveraged the power of CellProfiler software to quantify the metastatic efficiency of the MDA-
MB-231 cells in vivo. Ferenc Reinhardt assisted with animal husbandry and mouse injections,
George Bell performed the bioinformatics analysis, and Mary Rockas assisted with multiple
aspects of various projects, including the initial observation of SIP 1 induction by Goosecoid. All
other experimentation was completed by the thesis author, Kimberly Hartwell.
Elevated Goosecoid expression in human breast tumors
The expression patterns of the Goosecoid gene have not been well characterized in
human or murine adult tissues. To determine whether a role for the GSC developmental gene in
cancer was plausible, I undertook to examine human tumor specimens for evidence of GSC
mRNA. Because probes for this gene were not included in published microarray expression
studies to the best of my knowledge, I was unable to assess GSC expression patterns through
database mining. We therefore measured GSC levels in a cohort of microdissected human breast
tumors of three prevalent pathological subtypes: atypical ductal hyperplasia (ADH), ductal
carcinoma in situ (DCIS), and invasive ductal carcinoma (IDC) (Ma et al. 2003). The 72 tumor
samples examined were each accompanied by a patient-matched sample of normal breast
epithelium. The normal samples were presumably proliferative per published studies of normal
human breast tissue (Going et al. 1988). Because all samples in this cohort were obtained by
laser capture microdissection, the samples do not contain significant numbers of stromal cells.
Quantitative real-time RT-PCR was used to compare levels of GSC mRNA represented in
individual samples. The abundance of GSC mRNA in the normal tissue samples was found to be
low, as signals were not detected until a high cycle number during PCR amplification. Strikingly,
GSC expression was elevated in 56 out of 72 tumors (78%) compared to corresponding patient-
matched normal tissue samples (Figure 1). By subtype, 71% of ADH samples, 79% of DCIS
samples, and 78% of IDC samples contained a level of GSC mRNA above that of patient-
matched normal tissue, and this pattern of GSC upregulation was found to be significant in each
case (p= 0.02 for ADH, p< 0.01 for DCIS, p= 0.01 for IDC samples). The average extent of
elevation of GSC mRNA across all samples per subtype was 5.9, 9.6, and 6.9 fold in the ADH,
DCIS, IDC samples, respectively, compared to corresponding normal samples. A more detailed
view of the GSC expression data set can be found in Supplementary Table 1. We did not find a
correlation between the expression level of GSC and the various clinical parameters
accompanying these samples e.g., tumor grade, lymph node status, etc. We also performed
nearest neighbor analysis in the interest of identifying genes that are functionally relevant to
Goosecoid expression and Goosecoid function. More specifically, the observed Goosecoid
expression pattern was compared to gene expression patterns previously recorded using this
same sample set (Ma et al. 2003). The genes whose previously-assessed expression patterns
correlated the most closely with Goosecoid were identified by statistical analysis. Genes that
correlate closely (either positively or negatively) with Goosecoid are more likely to be relevant
to Goosecoid expression and/or function than genes that do not. The resulting gene list obtained
by this analysis did not contain anything that seemed especially mechanistically telling.
In summary, these results show that in a majority of human ductal-type breast tumors,
GSC expression is significantly elevated above normal levels, consistent with a role for this
developmental gene in human cancer, as hypothesized.
The generation of a Goosecoid-specific antibody
I generated a Gsc-specific antibody in order to assess Gsc activity at the protein level.
Rabbit polyclonal antisera against Gsc were commercially produced by Covance using a KLH-
conjugated peptide of the sequence CSENAEKWNKTSSSKA (common to both human and
mouse Gsc). The specificity of the antisera was assessed by western immunoblotting using whole
cell lysates expressing either tagged or untagged ectopic Gsc (Figure 2), and the resulting
antisera with confirmed specificity for Goosecoid protein were affinity purified.
I was especially interested in using this antibody to assess the protein expression of
Goosecoid in clinical tumors in situ, given that I had hypothesized that Goosecoid might be
induced by contextual signals at the invasion front of tumors. In an attempt to detect Goosecoid
protein in situ, I tested the utility of this antibody for immunohistochemical staining. Primary
tumors generated in mice by the injection of cells expressing either Gsc or control GFP protein
were used as positive and negative control tissues. I confirmed by western blotting that the
positive control tissues did indeed express significant quantities of Gsc (data not shown). To my
great disappointment, I found that this Gsc antibody was not able to specifically detect Gsc on
either frozen or formaldehyde-fixed, paraffin-embedded tissue sections (data not shown).
Although I tested numerous variations of my immunoperoxidase protocol to no avail, it is
possible that additional adjustments could render the antibody useful for this type of staining. I
did observe, however, that the purified antiserum can be used to detect ectopic Gsc in
formaldehyde-fixed cultured cells by immunofluorescence (data not shown).
Goosecoid elicits an epithelial-mesenchymal transition (EMT) and enhances cell motility
To identify the functional consequences of Gsc expression in adult epithelial cells, I
stably expressed this protein in immortalized human mammary epithelial cells (HMECs) and in
Madin-Darby canine kidney epithelial (MDCK) cells using retroviral transduction (Figure 3A).
Neither of these parental cell lines expressed substantial levels of Gsc protein by western blotting
(Figure 3A). I noted that ectopic Gsc was localized to the nucleus upon examination in the
HMECs (data not shown).
In both cell types, I observed that the population of cells expressing ectopic Gsc lost cell-
cell contacts and displayed a scattered distribution in culture (Figure 3B), while control cells
retained their typical epithelial morphology, continuing to grow as groups of cobblestone-like
cells. The morphological changes evident in the Gsc-expressing cells were suggestive of an
epithelial-mesenchymal transition (EMT). I therefore examined the status of known EMT
markers in these cells. The Gsc-expressing cells demonstrated marked downregulation of E-
cadherin, a-catenin and y-catenin proteins, concordant with the apparent loss of adherens
junctions (Figure 3C and 3D). These cells had replaced their cytokeratin-based intermediate
filament network with one based on vimentin and stained positively for the mesenchymal protein
N-cadherin (Figure 3C and 3D). The levels of the ECM component fibronectin also increased in
these cells (albeit only minimally in the HMECs), and p-catenin levels dropped dramatically in
the MDCK cells but not in the HMECs, which could be due to a possible defect in the p-catenin
degradation pathway in these cells (data not shown) (Kikuchi 2000).
Moreover, the Gsc-expressing human mammary epithelial cells were found to be
substantially more migratory in transwell migration assays than control cells (Figure 3E). They
were also more invasive, as assessed similarly using transwells containing a matrigel barrier to
migration (data not shown). My results demonstrate that Gsc induces the central hallmarks of an
EMT and cell invasiveness in adult mammalian epithelial cells, recapitulating cellular changes
driving gastrulation in higher vertebrates.
Goosecoid affects cell growth in vitro
In culturing the Gsc-expressing human and canine epithelial cells (HMEC and MDCK), I
noted that the rate at which the Gsc-expressing cell populations expanded was significantly
different than that of the GFP-expressing controls. Growth curves confirmed that the population
doubling time for the Gsc-expressing populations was twice as long as that of controls (Figure
4). Similar observations have been made with the developmental EMT-inducing transcription
factor Snail. This protein is reported to reduce the proliferation rate of MDCK cells in vitro, even
while it confers metastasis-associated phenotypes on such cells (Vega et al. 2004). A
proliferation assay (e.g. BrdU incorporation) would be necessary to confirm that the difference in
the doubling time of the Gsc-expressing cell populations was due to a decrease in cell
proliferation rather than a difference in cell survival rate. Gsc may, in fact, confer protection
against apoptosis, as Snail is known to do. Snail has been shown to confer resistance to cell death
in MDCK cells as assessed by a number of apoptosis assays (Vega et al. 2004).
TGF-/f signaling induces Goosecoid expression in adult breast epithelial cells
The Wnt/p-catenin and TGF-3 superfamily signaling cascades are required for Spemann
organizer formation and Gsc gene expression (Harland and Gerhart 1997) and these same
pathways have been implicated in tumor metastasis (Thiery 2002). Since Gsc recapitulated
aspects of its embryonic organizer function in adult mammalian epithelial cells, I tested whether
these two organizer-associated signaling cascades induce GSC expression in these cells. I found
that the enhancement of Wnt/p-catenin signaling by two approaches failed to activate GSC
expression. Specifically, GSC mRNA expression was not increased in human mammary
epithelial cells (HMECs), either by expression of a non-degradable form of 1-catenin (AN90 P-
catenin (Barth et al. 1997)) or by a constitutively-active form of Lef-1 (Lef-vpl6 (Aoki et al.
1999)), a DNA-binding protein that associates with p-catenin to induce transcription of target
genes (Figure 5A). I confirmed these constructs were transcriptionally functional using the
Topflash/Fopflash reporter system (data not shown) (Korinek et al. 1997).
In contrast, expression of constitutively-active TGF-3 type 1 receptor (Wieser et al. 1995)
in these cells using retroviral transduction did induce GSC mRNA expression (Figure 5B). GSC
mRNA was also induced in non-transduced HMECs in a dose-dependent manner by the addition
of soluble, activated TGF-l1 to the cell culture medium (Figure 5C). When TGF-11 was applied
to HMECs expressing non-degradable p-catenin or the constitutively-active form of Lef-l or
green fluorescent protein (GFP) control, GSC expression was not induced to a level greater than
that achieved without activation of the Wnt/p-catenin pathway (data not shown).
Together, these experiments demonstrate that TGF-3 signaling induces GSC in adult
breast epithelial cells as do related mesoderm-inducing signals in gastrulating embryos and other
cells (Watabe et al. 1995; Labbe et al. 1998; Ku et al. 2005). I note here that the induction of
GSC observed in HMECs was not extensive, suggesting that a robust induction of GSC in these
cells requires cooperative signaling, as in Xenopus embryos. I did not observe p-catenin acting
synergistically with these signals in our HMEC system, contrary to observations in Xenopus
embryos (Watabe et al. 1995). This may reflect distinct roles for Goosecoid in Xenopus and
humans, as well as distinct mechanisms of regulation.
The induction of Goosecoid by TGF-/3 signaling coincides with an EMT
The described induction of GSC by TGF-3 signaling in the human mammary epithelial
cells (HMECs) coincided with the induction of an EMT. This EMT was evidenced by the
suppression of epithelial E-cadherin and induction of the mesenchymal components vimentin
and fibronectin, as judged by western immunoblotting (data not shown). As previously
discussed, TGF-P signaling is known to be capable of generating an EMT in mammalian
epithelial cells in the presence of Ras and other signals (Grunert et al. 2003). I do not yet know
whether GSC is essential for the observed TGF-P-induced EMT. One way to address this
question is to antagonize GSC expression using short interfering RNA (siRNA)-mediated
inhibition (Elbashir et al. 2001). To this end, I generated eight lentiviral shRNA-expressing
constructs directed against human GSC. By quantitative real-time RT-PCR, I observed that only
one out of the eight constructs reproducibly generated a significant decrease in GSC mRNA
transcript. In each of the two breast cancer cell lines tested, namely MCF7-Ras and Suml3 15,
endogenous GSC was reduced by at least 80% compared to its original levels (data not shown).
This construct will hopefully prove useful in addressing the question of whether GSC mediates
certain TGF-3-induced cellular effects, and in addressing other biological questions.
The identification of additional genes that may regulate Goosecoid
To identify genes that might be capable of inducing GSC within a human tumor, in
addition to TGF-P, I employed an alternative approach. I used bioinformatics software to search
for putative binding sites within the 10kb region of the human, mouse, and rat genomes that is
immediately upstream of the Goosecoid coding region. By performing a combined search with
these three promoters, I hoped to identify well conserved genes, increasing my chances of
identifying meaningful candidates.
A subset of the putative binding sites identified in this way is shown in Table 1. All of the
binding sites listed are conserved across the three species. Intriguingly, several of the candidate
transcription factors identified are components of pathways that are already tied to the EMT and
cell motility, as detailed in Table 1. For example, NF-KB, a component of the TNF-a pathway,
was identified, as was Oct-1, and these two transcription factors can cooperatively regulate target
genes (Voleti and Agrawal 2005). Moreover, NF-KB was recently found to be essential for the
induction of an EMT in mammary epithelial cells by TGF-P and for the metastasis of these cells
in vivo (Huber et al. 2004). I am thus currently testing whether TNF-a/NF-KB signaling is able to
regulate the expression of GSC in human cells.
Goosecoid expression patterns in cancer cell lines
My observation of a Gsc-induced EMT in human and canine epithelial cells prompted me
to examine whether GSC expression correlates with the EMT status of established cancer cell
lines. To this end, I performed RT-PCR to assess the levels of GSC mRNA and GSC-like mRNA
in a large number of cancer cell lines.
I first examined the expression levels of these genes in 15 breast cancer cell lines and
found that, while GSC was detectable in several of these lines, its expression did not consistently
correlate with the EMT phenotype or with the known aggressiveness of these lines (Figure 6A).
GSC-like expression was not detected in any of these lines (data not shown).
To assess the levels of GSC expression in cancer cell lines from other tumor types, I
applied for and received a set of 59 different cancer cell line samples from the National Cancer
Institute. This set is known as the NCI-60 panel of human cancer cell lines. I again found that the
expression levels of GSC did not correlate with EMT status and cell line aggressiveness (Figure
6B). In fact, GSC was only weakly detected in a few of these cell lines after a full 30 PCR
cycles.
In addition to these analyses, we also examined the levels of GSC expression in a set of
increasingly metastatic melanoma cell lines in collaboration with Dr. Lei Xu in the lab of
Richard Hynes at MIT. This set includes four highly metastatic human cell lines, MA-1, MA-2,
MC-1, MC-2, which Dr. Xu derived from the weakly metastatic melanoma cell line A375P by
the in vivo selection of progressively metastatic variants as described (Clark et al. 2000; Xu et al.
2006). In vivo, by the experimental metastasis assay, these five lines are increasingly metastatic,
as indicted by the number of lung metastases formed, in the following order: A375P (least
metastatic), MA-1, MA-2, MC-1, MC-2 (most metastatic). Intriguingly, we observed that the
expression level of GSC in primary tumors generated from the subcutaneous injection of these
variants tightly correlated with the known metastatic ability of the lines (Figure 6C). This
observation suggests that GSC expression promotes the metastatic phenotype in melanoma. The
question of whether or not GSC is required for the in vivo metastatic behavior of these aggressive
derivative cell lines has not yet been decisively answered.
Notably, this provocative pattern of GSC expression in these A375P derivative melanoma
lines was not mirrored in the melanoma lines that are included in the NCI-60 panel, which did
not show evidence of GSC expression. This difference may reflect the fact that the cells in the
NCI-60 panel were growing as two-dimensional in vitro cultures at the time of sampling,
whereas the A375 derivative lines were growing in vivo as primary tumors. The A375 derivative
lines had also not been extensively cultured prior to their injection into mice. Therefore, one
hypothesis that might explain this inconsistency is that while GSC may be active in melanomas
in vivo, it is selected against during the in vitro culturing of melanoma cells. Alternatively, GSC
expression may require the continued exposure to contextual signals that are present in an in vivo
context but that are absent in vitro cultures.
Goosecoid enhances the metastatic ability of cancer cells
Because Gsc triggered an EMT and enhanced cell motility in adult epithelial cells- both
known correlates of invasive and metastatic ability - I tested whether this gene could also
promote tumor metastasis. Gsc was ectopically expressed in GFP-labeled MDA-MB-231 human
breast cancer cells (Figure 7A). The cells of this line are weakly metastatic and quasi-
mesenchymal, in that they do not express E-cadherin and do express vimentin, yet they display
an epithelial-like morphology in culture (Price et al. 1990). I observed that upon the introduction
of Gsc, the MDA-MB-231 cells acquired a spindle-like morphology more typical of
mesenchymal cells (Figure 7B) as well as an increased degree of motility (Figure 7C).
Control or Gsc-expressing MDA-MB-231 cells were injected into the tail veins of mice
and lungs were examined for metastases eight to ten weeks after injection (Figure 7D). At both
timepoints, a greater number of pulmonary metastases were visible in the mice injected with
Gsc-expressing cells. Quantification of the observed lung nodules at eight weeks using image
analysis indicated a four-fold increase in the average number of metastases in the mice injected
with Gsc-expressing cells compared to control animals (Figure 7E).
This demonstrated enhancement of metastasis might have arisen as a consequence of a
Gsc-induced stimulation of proliferation in vivo. To address this possibility, I directly compared
the in vivo proliferation rates of these two cell populations by injecting them either into the
subcutaneous space or into the mammary glands of mice. In fact, the resulting primary tumors
generated by the Gsc-expressing cells grew more slowly than did control tumors at both sites
(Figure 8 and data not shown).
The demonstration that Gsc-expressing breast cancer cells formed significantly greater
numbers of metastases in murine lungs in spite of proliferating more slowly in vivo provide
strong indication that Gsc expression enhances the metastatic ability of MDA-MB-231 human
breast cancer cells.
I note here that other carcinoma cell lines were similarly tested in vivo, including MCF-7
(derived from human breast cancer), MCF-7 Ras, HAIER (human kidney), NuMG (mouse
mammary), HMLER (human mammary), and Sum 149 (human breast). Preliminary experiments
did not reveal a Gsc-induced enhancement of metastasis in any of these other lines (data not
shown).
Goosecoid may silence E-cadherin by inducing SIP]
One important question that remains is how Gsc mediates its cellular effects, including
the induction of an EMT. As previously mentioned, other developmental transcription factors
have been linked to the EMT and metastasis during the course of this work, namely SNAIl
(Snail), SNAI2 (Slug), SIP (ZEB2), Twist, SEF1 (ZEB1), and E47 (E12). All have been found
to transcriptionally repress E-cadherin by directly binding the E-box elements within the
proximal promoter (Hajra et al. 2002) (Eger et al. 2005) (Perez-Moreno et al. 2001; Yang et al.
2004). I likewise reasoned that Gsc might directly bind and silence the E-cadherin promoter.
However, extensive analysis of the DNA sequence of the human E-cadherin promoter region,
including the gene coding region plus 10kb of flanking sequence on both ends (which contains
the E-boxes), revealed a surprising absence of a putative Gsc binding site. It may be, therefore,
that Gsc is an anomaly among these developmental transcription factors in that it does not induce
an EMT by regulating E-cadherin directly. The use of a reporter construct under the control of
the E-cadherin promoter would help to clarify this question.
Alternatively, Gsc might silence the expression of E-cadherin indirectly, by binding
instead to one of the six aforementioned developmental transcription factors. By quantitative
real-time RT-PCR, I observed a substantial induction of SIP] mRNA by Gsc in HMECs, and
only minimal induction of Snail mRNA (Figure 9A). In contrast, Slug mRNA was not increased
in the Gsc-expressing cells compared to controls. In collaboration with Dr. Jing Yang in our lab,
we also found that Twist was not induced by Gsc expression, as assessed by western
immunoblotting (data not shown). These observations suggest that Gsc silences E-cadherin by
selectively inducing SIP]. Indeed, SIP1 may be required for a Gsc-induced EMT, but this
possibility has not yet been addressed.
Goosecoid induces the expression ofFOXC2
Another transcription factor that has been linked to metastasis, specifically to the process
of metastatic colonization, is Foxc2 (Yang et al. 2004). Foxc2 is expressed in cells of the
developing mouse that are destined to form mesoderm (Sasaki and Hogan 1993). As previously
discussed, a screen for genes whose expression patterns correlated with the cellular ability to
bypass distinct barriers to metastasis in vivo was completed in our laboratory. In this analysis,
Foxc2 was identified as a possible colonization gene, as it was expressed only in the derivative
cell line that could successfully colonize the lungs (Yang et al. 2004). Further characterization of
FOXC2 in our lab has confirmed a functional role for this gene in metastasis (unpublished
results, S. A. Mani et al., manuscript in preparation). In collaboration with Dr. Sendurai Mani in
our lab, FOXC2 was found to be induced by Gsc expression in HMECs by western
immunoblotting (Figure 9B). We do not yet know whether this induction of FOXC2 is essential
to Gsc function. Notably, I also tested whether Gsc is expressed in the cell lines comprising the
metastasis model in which Foxc2 was linked to colonization (Yang et al. 2004). Again, this
model consists of four cell lines that were all derived from a single mouse mammary tumor.
Upon re-injection into the orthotopic site, these lines generate primary tumors with equivalent
growth kinetics but distinct metastatic behaviors. I found that Gsc is not expressed in any of
these four cell lines, suggesting that while Gsc may be an important inducer of FOXC2 in
tumors, it is unlikely to be the only means by which this gene can become active (data not
shown).
Goosecoid most likely does not induce an EMT via a TGF-f autocrine loop
It has been reported in the literature that continuous TGF-P signaling is required for the
maintenance of an EMT in certain settings (Grunert et al. 2003). I therefore reasoned that another
possible mechanism by which Gsc might induce an EMT is by the induction of such a TGF-P
autocrine loop. In addressing this question, I employed a TGF-3 antibody and a chemical
inhibitor from Biogen IDEC. I also used a commercially available antibody that antagonizes
TGF-3 signaling by binding to its ligands.
In the presence of these different inhibitors, the Gsc-expressing and control populations
of HMECs were re-derived, in that ectopic Gsc was expressed in a population of HMECs that
had not previously expressed this gene. Despite the presence of the various inhibitors, Gsc was
able to induce a robust EMT in these cells under all treatments (data not shown). This
observation is preliminary, as the complete antagonism of TGF-P signaling by these inhibitors
during the course of this experiment has not yet been confirmed. Other members of the Weinberg
lab have confirmed that these inhibitors are functional in HMEC cells, however. If the inhibitors
are found to have successfully prevented any induction of TGF-3 signaling in these experiments,
I would conclude that Gsc most likely does not trigger an EMT by generating a TGF-P autocrine
loop.
A bioinformatics approach identifies IQGAP1 as downstream of Goosecoid
I reasoned that an unbiased search for the presence of putative Gsc binding sites across
the promoters of known genes might assist in elucidating signaling downstream to Gsc. I
therefore again took a bioinformatics approach and screened the DNA sequence of a collection
of known human gene promoters compiled by scientists at the Whitehead Institute. A subset of
the gene promoters containing putative Gsc binding sites is shown in Table 2.
Again, many of the genes identified in this way have already been linked to the EMT
and/or metastasis. One gene in particular stood out on this list, IQGAP1, because it had also been
reported to correlate with the metastatic phenotype in increasingly metastatic cell lines derived
from the A375 melanoma parental line as described (Clark et al. 2000). IQGAP1 is a scaffolding
protein that has known roles in the regulation of the cytoskeleton, cell adhesion, and GTPase
signaling (Briggs and Sacks 2003). Because we had observed that Gsc expression also correlated
with the metastatic capability of A375 derivative lines, the presence of a putative Gsc binding
site in the IQGAP1 human promoter suggested that this gene might in fact be a direct
transcriptional target of Gsc in a tumors. In collaboration, Sarah Frew in the Hynes lab at MIT
assessed the levels of IQGAP1 in the Gsc-expressing HMECs by western immunoblotting. We
observed that Gsc does upregulate the expression of IQGAP 1 in the human epithelial HMEC
cells by 2.6 fold (Figure 9C), indicating that Gsc might indeed function through IQGAP 1. Such a
mechanism could be active both in certain melanomas and carcinomas, given the nature of our
observations.
PDGFR signaling may mediate Goosecoid function
The PDGF signaling cascade is known to be essential for Xenopus gastrulation (Ataliotis
et al. 1995), and has fundamental mitogenic and chemoattractive functions in mesenchymal cells
(Elenbaas and Weinberg 2001). Intriguingly, I found that both the PDGF P-type receptor and
PDGF 3-type ligand were induced in the Gsc cells that had undergone EMT (Figure 9D and 9E).
These observations were made by immunoblotting and quantitative real-time RT-PCR,
respectively. The acquisition of a PDGF autocrine loop by way of Gsc induction might allow
tumor cells to become more invasive (Jechlinger et al. 2003). At this time, I have not managed to
consistently demonstrate a function for this upregulation of PDGF pathway components in the
Gsc-expressing HMECs, despite intensive experimental efforts using both PDGFR signaling
agonists (PDGF-a and -P ligands) and antagonists (Glivec) and a variety of assays (data not
shown).
Figure 1. Quantification of Goosecoid expression in human tumors
The relative level of GSC mRNA in each tumor (blue) and corresponding normal (red) tissue
sample is shown with the lowest value of each pair in foreground. Pairs are grouped by tumor
pathological subtype and sorted within groups according to the level of GSC mRNA in the tumor
samples. All values displayed were normalized to the average of the GSC mRNA levels in the
normal samples, which is set as the y-value 1 in the graph. Values outside the scale of the y-axis
are marked by an asterisk.
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Figure 2. The generation of a Goosecoid antibody
The specificity of rabbit polyclonal antiserum generated against Goosecoid is confirmed by
western immunoblotting. Untagged Goosecoid is detected at 33kD, as expected, in lysates of
human mammary epithelial cells into which ectopic untagged Goosecoid was transduced.
Tagged Goosecoid runs slightly slower, in lysates of human mammary epithelial cells that were
instead transduced with ectopic tagged Goosecoid.
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Figure 3. Effects of Goosecoid expression in immortalized human breast and canine kidney
epithelial cells
A. Ectopic expression of Gsc in human mammary epithelial cells (HMECs) and in Madin-Darby
canine kidney (MDCK) epithelial cells, by western blotting.
B. Phase-contrast micrographs of HMECs and MDCK cells expressing either Gsc or GFP
control.
C. Expression levels of epithelial proteins E-cadherin, a-catenin, and y-catenin, and
mesenchymal proteins N-cadherin and vimentin in HMECs and MDCK cells expressing either
Gsc or GFP control, by western blotting. 13-actin protein is shown as a loading control.
D. Immunofluorescence staining for epithelial proteins E-cadherin and cytokeratins, and
mesenchymal protein vimentin in MDCK cells expressing either Gsc or GFP control. Antibody
staining is shown in red, Hoechst nuclear staining in blue.
E. Quantification of the migratory abilities of HMECs expressing Gsc or GFP control by
transwell migration assay. Movement toward medium with or without growth factor supplements
(EGF, insulin and hydrocortisone) is graphed as the percent of total cells assayed that migrated
after 48 hours. Assays were done in triplicate and the averages with sem are shown.
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Figure 4. Effects of Goosecoid expression on population growth in vitro
The growth kinetics of polyclonal populations of Goosecoid-expressing human mammary
epithelial cells (HMECs) and canine kidney epithelial cells (MDCKs) cultured in vitro are
shown. Also shown are the kinetics of control GFP-expressing populations.
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Figure 5. Induction of Goosecoid in human mammary epithelial cells (HMECs)
A. Relative GSC mRNA expression levels in HMECs containing empty vector, non-degradable
p-catenin (AN90 P-cat), or constitutively active Lef- 1 (Lef-vp 16). Each bar represents the
average with sem of triplicate assays.
B. Relative GSC mRNA expression levels in human mammary epithelial cells (HMECs)
expressing either empty vector or constitutively-active TGF-P type 1 receptor. Each bar
represents the average with sem of triplicate assays.
C. Relative GSC mRNA expression levels in HMECs treated with activated TGF-P1 ligand at
various concentrations for three or six days. Each bar represents the average with sem of
triplicate assays.
~ 10-
• 8-
S6
4
2
0,
7.3
Control AN90 Lef- Control ca
P-cat vpl6 TGFPR1
Day 6
111.5
4.7
0 0.5 2.5 0 0.5 2.5
ng/mL TGFl1 ng/mL TGFpl
A h
A i
S10
8
S6
S4
2
0
Ci
-1
2
00
v 
0
rr
Table 1. Other putative signals upstream of Goosecoid
Listed in the table is a subset of the proteins found to have putative binding sites within the
human, mouse, and rat Goosecoid gene promoters. All proteins listed had putative binding sites
that were conserved across all three species. Pertinent information is also listed for each
candidate.
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Figure 6. Goosecoid expression patterns in cultured transformed cell lines
A. Goosecoid expression levels are shown across a set of breast cancer cell lines by RT-PCR.
Cell lines known to be especially aggressive are marked by a red asterisk. More benign lines are
marked by a green asterisk.
B. GSC expression in the NCI-60 panel of 59 human transformed cell lines is shown, by tissue
type. RT-PCR products are shown.
C. The expression pattern of GSC in a set of increasingly aggressive metastatic melanoma
variant cell lines by RT-PCR is shown. Samples were generated from tumors that were generated
by the subcutaneous injection of these lines into mice.
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Figure 7. Goosecoid expression changes the behavior of MDA-MB-231 human breast
cancer cells in vitro and in mice
A. Gsc expression in MDA-MB-231 cells expressing either Gsc or GFP control, by western
blotting.
B. Phase-contrast micrographs of MDA-MB-231 cells expressing either Gsc or GFP control.
C. Quantification of the migratory abilities of MDA-MB-231 cells expressing Gsc or GFP
control by transwell assay, graphed as the percent of total cells assayed that migrated after 16
hours. Assays were done in triplicate and the averages with sem are shown.
D. Representative brightfield and fluorescence images of mouse lung lobes 10 or 8 weeks post
tail vein injection of MDA-MB-231 cells expressing either Gsc or GFP control.
E. Quantification of the number of metastatic foci in the lungs of mice 8 wks post tail vein
injection of MDA-MB-231 cells expressing either Gsc or GFP control (n > 6, trend was
confirmed by four independent experiments). Quartiles, medians, and the p value of the mean are
shown.
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Figure 8. Growth kinetics of primary MDA-MB-231 tumors
The growth kinetics of primary tumors generated by the subcutaneous injection of Gsc-
expressing and control MDA-MB-231 cancer cell lines are shown.
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Figure 9. The identification of additional Goosecoid target genes
A. Gsc robustly induces SIP1 expression by quantitative real-time RT-PCR in human mammary
epithelial cells (HMECs). Gsc induces Snail only minimally and does not induce Slug. The 'low
Gsc' cell population expresses only trace amounts of Gsc and is useful as an additional negative
control. Fold induction is listed above the bars of the graph.
B. Gsc induces the expression of FOXC2 in HMECs by western immunoblotting. p-actin is
shown as a loading control.
C. IQGAP is also induced by Gsc expression in HMECs. Western immunoblotting is shown is
the fold upregulation in the Gsc expressing cells relative to control GFP cells. The 'low Gsc' cell
population expresses only trace amounts of Gsc and is useful as an additional negative control.
Nucleoporin is used as a loading control.
D. The PDGFR-0 type receptor is upregulated at the protein level in HMECs, by western
immunoblotting. The 'low Gsc' cell population expresses only trace amounts of Gsc and is useful
as an additional negative control. p-actin is used as a loading control.
E. Likewise, the PDGF-0 type ligand is upregulated in HMECs, as assessed by real-time
quantitative RT-PCR, and is seen to correlate with Goosecoid levels.
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Table 2. Other putative Goosecoid target genes
Shown are a subset of the human genes found to contain putative Gsc binding sites within their
promoter. The gene names are accompanied by pertinent information related to this thesis.
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Supplemental Table 1. Characteristics of patients and tumor samples in clinical data set
Available patient information is listed along with the relative GSC expression levels in all
samples as shown in Figure 1.
ADH, atypical ductal hyperplasia; DCIS, ductal carcinoma in situ; IDC, invasive ductal
carcinoma; ER, estrogen receptor status; PR, progesterone receptor status; HER2, HER2 protein
status; ND, not determined; Pos, positive; Neg, negative
Supplemental Table 1. Characteristics of patients and tumor samples in clinical data set
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Pathological subtype
ADH
ADH
ADH
ADH
ADH
ADH
ADH
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
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DCIS
DCIS
DCIS
DCIS
DCIS
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DCIS
DCIS
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DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
DCIS
IDC
Relative GSC level Tumor
29.66296
22.11783
15.04325
8.68470
3.16727
2.73158
0.98428
59.57957
42.32537
29.44733
28.37041
28.09911
27.83987
26.83985
21.58055
21.42518
19.54444
17.72449
16.69234
13.10603
11.39867
10.19363
9.13030
8.60268
7.77144
5.76677
5.73904
4.92869
4.21639
3.48550
3.23390
3.02933
3.02906
2.03477
1.37681
1.01746
0.85984
0.25088
0.17028
0.16805
0.11315
0.10468
0.09816
0.07914
0.01706
91.26769
maxi error Tumor
0.37731
0.39017
0.55462
0.61690
0.12724
0.04322
0.05053
0.58950
3.11005
0.43614
0.69127
0.35851
0.88848
0.26757
0.88717
0.88714
0.58705
0.27409
0.44780
0.27849
0.50241
0.76121
0.12733
0.06385
0.38765
0.33960
0.10685
0.04619
0.22807
0.22402
0.12777
0.14399
0.10034
0.05761
0.02489
0.07617
0.00642
0.01089
0.00903
0.00264
0.00160
0.00376
0.00476
0.00524
0.00152
1.27881
mini error Tumor
0.37257
0.38341
0.53490
0.57599
0.12233
0.04255
0.04807
0.58372
2.89717
0.42978
0.67483
0.35399
0.86100
0.26493
0.85213
0.85187
0.56993
0.26991
0.43610
0.27270
0.48120
0.70832
0.12558
0.06338
0.36923
0.32071
0.10490
0.04576
0.21636
0.21049
0.12291
0.13746
0.09712
0.05602
0.02444
0.07086
0.00638
0.01043
0.00857
0.00260
0.00158
0.00363
0.00454
0.00492
0.00140
1.26114
Pathological subtype
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
IDC
Relative GSC level Tumor
34.35150
29.44764
16.99501
16.99021
13.86517
11.36775
7.40581
6.80730
5.93324
5.87579
5.49973
4.74298
3.30778
2.05162
1.63739
0.98251
0.96344
0.74527
0.49488
0.46472
0.42156
0.28468
0.19471
0.18013
0.12232
0.12169
maxi error Tumor
0.92555
0.13497
0.29244
1.14650
0.16028
1.36960
0.41695
0.10111
0.69110
0.18238
0.03490
0.10422
0.02118
0.01958
0.09022
0.01638
0.04178
0.03087
0.02697
0.02139
0.01446
0.02006
0.00643
0.01524
0.00944
0.00237
mini error Tumor
0.90126
0.13435
0.28750
1.07403
0.15845
1.22233
0.39472
0.09963
0.61900
0.17689
0.03468
0.10198
0.02104
0.01940
0.08551
0.01612
0.04005
0.02964
0.02558
0.02045
0.01398
0.01874
0.00623
0.01405
0.00876
0.00233
Case ID
170
14
198
102
121
122
41
65
88
112
43
180
173
169
79
133
178
44
30
96
5
131
179
130
153
148
CaseJ I
191
57
131
213
180
79
193
193
191
184
57
170
122
14
198
65
121
11
102
173
133
41
88
60
79
169
5
180
179
131
152
75
112
43
178
12
44
96
89
30
130
183
148
45
72
193
Relative GSC level Normal
2.65492
2.28037
2.02266
1.73455
3.27634
0.26075
1.22778
1.22778
2.65492
0.29037
2.28037
5.93108
0.81602
4.44317
2.10467
0.69470
0.63577
1.90499
2.17029
2.64312
0.63562
0.34343
0.41853
1.19045
0.26075
0.24864
0.50032
3.27634
0.62167
2.02266
2.22917
0.95723
0.42223
0.86221
0.27039
2.01645
0.52332
0.06101
1.67548
0.29072
2.07812
3.02004
1.83760
2.52096
0.30338
1.22778
maxi error Normal
0.07018
0.04013
0.03464
0.03066
0.05840
0.00729
0.01382
0.01382
0.07018
0.00231
0.04013
0.15917
0.02756
0.14676
0.02835
0.01364
0.03542
0.05829
0.09624
0.08111
0.04581
0.02256
0.01149
0.01648
0.00729
0.00505
0.01372
0.05840
0.00999
0.03464
0.13773
0.02128
0.02060
0.02215
0.01660
0.01822
0.01988
0.00420
0.07813
0.00229
0.03069
0.14900
0.10124
0.05690
0.00513
0.01382
mini error Normal
0.06837
0.03943
0.03405
0.03013
0.05738
0.00710
0.01367
0.01367
0.06837
0.00229
0.03943
0.15501
0.02666
0.14207
0.02797
0.01338
0.03355
0.05656
0.09215
0.07869
0.04273
0.02117
0.01118
0.01625
0.00710
0.00495
0.01335
0.05738
0.00983
0.03405
0.12971
0.02082
0.01965
0.02160
0.01564
0.01806
0.01916
0.00393
0.07465
0.00227
0.03025
0.14199
0.09595
0.05565
0.00504
0.01367
maxi error Normal
0.15917
0.14676
0.02835
0.09624
0.03542
0.02756
0.02256
0.01364
0.01149
0.02060
0.02215
0.05840
0.08111
0.00505
0.00729
0.04581
0.01660
0.01988
0.00229
0.00420
0.01372
0.03464
0.00999
0.03069
0.07430
0.10124
mini error Normal
0.15501
0.14207
0.02797
0.09215
0.03355
0.02666
0.02117
0.01338
0.01118
0.01965
0.02160
0.05738
0.07869
0.00495
0.00710
0.04273
0.01564
0.01916
0.00227
0.00393
0.01335
0.03405
0.00983
0.03025
0.07067
0.09595
CaseJ I
170
14
198
102
121
122
41
65
88
112
43
180
173
169
79
133
178
44
30
96
5
131
179
130
153
148
Relative GSC level Normal
5.93108
4.44317
2.10467
2.17029
0.63577
0.81602
0.34343
0.69470
0.41853
0.42223
0.86221
3.27634
2.64312
0.24864
0.26075
0.63562
0.27039
0.52332
0.29072
0.06101
0.50032
2.02266
0.62167
2.07812
1.44793
1.83760
CaseA.D Patient age Tumor grade ER ER HER2 Nodal status
191 43 N/A ND ND ND ND
57 36 N/A Pos Neg Neg Neg
131 37 N/A Pos Pos Pos Pos
213 45 N/A ND ND ND Neg
180 46 N/A Pos Pos Neg Pos
79 54 N/A Pos Pos Neg Pos
193 45 N/A Pos Pos Neg Pos
193 45 I Pos Pos Neg Pos
191 43 11 ND ND ND ND
184 54 I ND ND ND ND
57 36 I Pos Neg Neg Neg
170 44 II Pos Pos Pos Pos
122 45 II Pos Pos Neg ND
14 44 I Pos Pos ND Pos
198 30 11 Pos Pos Neg Neg
65 39 III Pos Pos Neg Neg
121 45 II Pos Pos Pos Pos
11 49 I ND ND ND ND
102 55 I Pos Neg Neg Pos
173 52 I Pos Pos Neg Neg
133 44 III Neg Neg Pos Pos
41 55 II Pos Pos ND Neg
88 35 111 Pos Pos ND Pos
60 48 II ND ND ND ND
79 54 I Pos Pos Neg Pos
169 34 11 Pos Pos Neg Pos
5 48 II Pos Pos ND ND
180 46 I Pos Pos Neg Pos
179 37 III Neg Neg Pos Pos
131 37 II Pos Pos Pos Pos
152 55 III ND ND ND Neg
75 63 II ND ND ND ND
112 31 III Neg Pos Neg Pos
43 53 II Pos Neg Neg Pos
178 43 III Pos Pos Pos ND
12 39 I ND ND ND ND
44 28 III Pos Pos Neg Neg
96 31 III Neg Neg Neg Pos
89 35 III ND ND ND ND
30 47 III Neg Neg Neg Pos
130 54 11 Pos Pos Neg Pos
183 46 II ND ND ND Pos
148 42 II Pos Pos Neg Pos
45 36 I Pos Neg Neg Neg
72 42 II ND ND ND ND
193 45 I Pos Pos Neg Pos
case D Patient age Tumor rade ER ER HER2 Nodal status
170 44 II Pos Pos Pos Pos
14 44 I Pos Pos ND Pos
198 30 11 Pos Pos Neg Neg
102 55 I Pos Neg Neg Pos
121 45 II Pos Pos Pos Pos
122 45 II Pos Pos Neg ND
41 55 II Pos Pos ND Neg
65 39 II1 Pos Pos Neg Neg
88 35 II1 Pos Pos ND Pos
112 31 II1 Neg Pos Neg Pos
43 53 II Pos Neg Neg Pos
180 46 I Pos Pos Neg ND
173 52 I Pos Pos Neg ND
169 34 II Pos Pos Neg Pos
79 54 I Pos Pos Neg Pos
133 44 II1 Neg Neg Pos Pos
178 43 1II Pos Pos Pos Pos
44 28 II1 Pos Pos Neg Neg
30 47 II1 Neg Neg Neg Pos
96 31 II1 Neg Neg Neg Pos
5 48 II Pos Pos ND ND
131 37 II Pos Pos Pos Pos
179 37 III Neg Neg Pos Pos
130 54 II Pos Pos Neg Pos
153 46 I Pos Pos Pos Pos
148 42 11 Pos Pos Neg Pos
Materials and Methods
RNA preparation and RT-PCR
The clinical cohort examined was previously described (Ma et al. 2003). 72 tumor samples were
obtained from 40 patients, 28 of whom had two or more pathological subtypes of breast cancer
detectable at diagnosis, and each was accompanied by a patient-matched normal breast tissue
sample. The Massachusetts Institute of Technology Committee on the Use of Humans as
Experimental Subjects and the Massachusetts General Hospital Human Research Committee
approved this study of deidentified samples. cDNAs from the previous study were additionally
analyzed for GSC by real-time quantitative PCR analysis using the ABI 7900HT system as
previously described (Ma et al. 2003). The sequences of the GSC-specific fluorogenic MGB
probe (5' to 3') and the PCR primer pair, respectively, were as follows: VIC-
CCCACCGTAGTATTTAT, GCCGCCCGCGACTAG, and
CACTTTATTGTACTGTCACCCTTAATTTAAC. Statistical significance was calculated for
this clinical data set using the paired Student's t-test, and relative expression was calculated as
described (Yang et al. 2004).
For cell line analyses, total RNA was purified using RNA STAT-60 (Tel-Test) and
RNase-free DNase set (Qiagen) according to manufacturer's instructions. Hexanucleotide mix
(Roche) was used for reverse transcription. Quantitative real-time RT-PCR was performed in
triplicate using the iCycler apparatus (Bio-Rad) and SYBR-Green detection reagent, either from
stock (Molecular Probes) or in commercial master mix (Perkin-Elmer Applied Biosystems). The
sequences of the GSC-specific primer pairs were (5' to 3') TCTCAACCAGCTGCACTGTC (left)
and GGCGGTTCTTAAACCAGACC (right), and that of the GAPDH-specific pairs were
AGCCACATCGCTCAGACAC (left) and AATGAAGGGGTCATTGATGG (right).
Experimental data was normalized to GAPDH and relative expression calculated as described
(Yang et al. 2004).
Expression constructs and virus generation
Full-length mouse Goosecoid cDNA (Danilov et al. 1998) provided by Dr. Martin Blum
(Forschungszentrum Karlsruhe, Karlsruhe, Germany) was subcloned with or without an HA-
antigen tag at the amino terminus into the pWZL-Blasticidin vector. A corresponding vector
containing the GFP gene was used as control. AN90 p-catenin consisting of mouse P-catenin
containing amino-terminal deletions of 90aa (Barth et al. 1997) and Lef-vp 16 consisting of
mouse Lef-l fused to the transactivation domain from the Herpes Simplex Virus VP16 protein
(Aoki et al. 1999) provided by Dr. Masahiro Aoki (Scripps Research Institute, La Jolla, CA)
were expressed using the pBabe-Puromycin vector. Activated, myc-tagged, human TGFP type I
receptor cDNA (Wieser et al. 1995) provided by Dr. Joan Massagu6 (Sloan-Kettering Institute,
New York, NY) was expressed using the pWZL-Blasticidin vector. pWZL and pBabe
amphotropic viruses and lentiviruses were generated and used for target cell infection as
previously described (Stewart et al. 2003). Lentiviral shRNA-expressing constructs were
designed and used as described against (Stewart et al. 2003). The construct that gave significant
knockdown was directed against the sequence ACTTACCTAACTCGAAGGACT
within the human Goosecoid gene.
Cell culture
The Madin-Darby canine kidney (MDCK) cell line was obtained from ATCC and cultured in
Dulbecco's modified Eagle medium supplemented with 10% heat-inactivated fetal calf serum.
The immortalized, non-transformed human mammary epithelial cell (HMEC) line, expressing
the SV40 early region and hTERT, was previously described (Elenbaas et al. 2001) and cultured
in Dulbecco's modified Eagle medium and F 12 medium (1:1) containing the supplements EGF
(10 ng/ml), insulin (10 jig/ml), and hydrocortisone (0.5 [lg/ml), with noted exceptions. The Gsc-
expressing HMEC cells were generated using differential trypsinization of the polyclonal
population of Gsc-transduced cells to separate out the scattered, less adherent cells from those
not expressing substantial amounts of Gsc, as confirmed by western blotting and quantitative
RT-PCR. Soluble, activated TGF-3 1 ligand (R&D Systems) was used at a working concentration
of 100pM, or 2.5ng/ml, in the presence of 5% calf serum. The MDA-MB-231 cell line was
maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum.
Antibodies, immunoblotting, and immunofluorescence
A rabbit polyclonal antibody against Gsc was generated using a KLH-conjugated peptide of the
sequence CSENAEKWNKTSSSKA, and resulting antisera were affinity purified (Covance). The
specificity of the antibody was confirmed by western immunoblotting using whole cell lysates
expressing either tagged or untagged ectopic Gsc. Other primary antibodies used were
fibronectin (BD Transduction Labs and 297.1 antibody courtesy of Sophie Snitkovsky and
Richard Hynes, MIT Center for Cancer Research, Cambridge, MA), vimentin (V9 Neomarkers
#MS129P), N-cadherin (Zymed #180224, BD Transduction Labs #610920), PDGFR-P
(Research Diagnostics #pdgfrbabrx), p-actin (Abcam #8226), pan-cytokeratin (Biogenex
#071M), a-catenin, y-catenin, p-catenin and E-cadherin (BD Transduction Labs #C21620,
#610254, #C 19220, #610182). Immunoblotting for IQGAP 1 was performed as described (Frew
2004). Standard procedures were used for immunoblotting and immunofluorescence.
Transwell migration assays
Cells were plated on cell culture inserts (Falcon) containing a filter with 8.0 micrometer pores.
Total cells and migrated cells were quantified using crystal violet staining after time indicated
and compared to control for differences in cell number as described (Clark et al. 2000).
Mice and injection of tumor cells
Female NOD-SCID mice (propagated on site), and nude mice (NCR nude, Taconic) were used in
these studies and all protocols were approved by the Massachusetts Institute of Technology
Committee on Animal Care. Nude mice received 400 rad of y-radiation using a dual 137Cesium
source one day prior to tumor cell injection. Mice were anesthetized with either avertin (IP) or
with isoflurane (inhalation). For orthotopic injections, one million cells in 30gtL of Matrigel
(Becton-Dickinson) diluted 1:2 in medium were injected into each of two mammary glands per
NOD-SCID mouse. For subcutaneous injections, 2x10A6 cells in 160tL of Matrigel diluted 1:2
in medium were injected at each of three sites per nude mouse. For tail vein injections, 2xl0"6
cells in 200gpL PBS were injected per mouse. Tumor diameters were measured multiple times per
week using precision calipers.
Visualization and quantification of GFP-labeled lung metastases
Upon necropsy, lungs of injected mice were removed, separated into individual lobes, and
examined under a Leica MZ 12 fluorescence dissection microscope. Images of both faces of all
lobes were captured at identical settings, and the fluorescent metastatic nodules in each image
were analyzed using CellProfiler image analysis software developed in the laboratory of Dr.
David Sabatini (www.cellprofiler.org(Carpenter et al. 2006)). The unpaired Student's t-test was
used for statistical comparisons of these data.
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Chapter 3
Conclusions and Future Directions
A novel role for the developmental gene Goosecoid
In summary, this work has identified a role for the Goosecoid homeobox transcription
factor in cancer, specifically in promoting tumor cell malignancy. GSC mRNA was found to be
expressed in a majority of microdissected tumor tissues at levels significantly above the levels
found in patient-matched, microdissected normal control tissue. To facilitate subsequent studies
of this developmental gene in disease, a rabbit polyclonal antibody was generated with
specificity to Gsc. Ectopic expression of Gsc in human breast and canine kidney cells was found
to generate a shift in cellular morphology and in the composition of the cytoskeleton and cell-cell
adhesion complexes. This shift was accompanied by increased cell motility, and indicates that
Gsc induces an epithelial-mesenchymal transition (EMT), a transdifferentiation event that is
known to promote tumor invasion and metastasis.
I observed that Gsc reduces the growth rate of most cells into which it is introduced.
While GSC mRNA expression is significantly upregulated in clinical breast tumors, its
expression was surprisingly rare in an extensive panel of human cancer cell lines and did not fit a
clear pattern. The expression of Gsc mRNA was detectable, however, in a set of increasingly
metastatic melanoma cell lines and correlated with enhanced aggressiveness.
GSC was found to be inducible by TGF-P signaling in human mammary epithelial cells
(HMECs), as has been shown in Xenopus embryos, and its expression correlated with the
induction of a morphology change and an EMT. GSC was not found to be inducible by Wnt/P-
catenin signaling in these cells, surprisingly. Other putative signals that may potentially regulate
GSC per my analysis of its promoter sequence include certain growth factors and the
TNFa/NFKB pathway.
Analyses into the signaling downstream of Gsc revealed that not only are the classical
hallmarks of an EMT induced in Gsc-expressing HMECs but other relevant cancer genes as well.
Gsc robustly upregulates the E-cadherin silencing transcription factor SIP1 in HMECs but not
SNAIl(Snail) or SNAI2 (Slug). Other genes found to be induced by Gsc that likely have roles in
cell plasticity and metastasis include Foxc2, another developmental transcription factor that
promotes the formation of mesenchymal tissues, and IQGAP 1, a known regulator of the
cytoskeleton, cell-cell adhesion and cell polarity. Finally, the PDGFR-P3 and the corresponding
PDGF-f3 ligand were also induced by Gsc.
Moreover, Gsc significantly enhanced the ability of breast cancer cells to form
pulmonary metastases in mice as assessed by the experimental metastasis assay (tail vein
injection), without increasing the rate of tumor growth at the subcutaneous and orthotopic sites.
In vitro, Gsc expression pushed the morphology of these cells to a more mesenchymal state and
enhanced cell motility, suggesting that a Gsc-induced transdifferentiation contributed to the
enhanced metastatic efficiency observed in vivo.
In conclusion, my results demonstrate that the Goosecoid homeobox transcription factor,
a major orchestrator of Spemann organizer biology during gastrulation, plays an important role
in activating cell properties associated with tumor progression to malignancy. Moreover, given
the role of the EMT in breast development (specifically in mammary gland branching
morphogenesis), wound healing, and fibrosis, Goosecoid may have an role in these processes as
well.
Additional embryonic transcription factors promote the EMT and metastasis
During the course of my described studies, other developmental transcription factors,
including SNAI 1 (Snail), SNAI2 (Slug) and Twist, have also been linked to the EMT and tumor
invasion as previously mentioned (Savagner et al. 1997; Batlle et al. 2000; Cano et al. 2000;
Yang et al. 2004). While the concept of the EMT as a driving force behind human cancer
metastasis is well described, there are still very limited in vivo data demonstrating that such
genes inducing the mesenchymal state contribute functionally to tumor metastasis (Thiery and
Sleeman 2006). Suppression of Twist expression in vivo, in a xenograft model of cancer
progression previously described, was found to antagonize tumor cells' ability to generate
metastases from a primary tumor(Yang et al. 2004). Snail was found to be a potent driver of
tumor recurrence in a conditional transgenic mouse model expressing activated ERBB2.
Interestingly, the recurrent tumors consisted of cells with a mesenchymal morphology (Moody et
al. 2005). These data and my own in vivo studies of Goosecoid strongly support a role for EMT-
inducing embryonic transcription factors in tumor metastasis.
Where within the metastatic cascade does Goosecoid function?
Here, I have found that Gsc is sufficient to enhance metastatic behavior in an in vivo
model of experimental metastasis. Gsc may augment metastatic colonization by promoting
extravasation, cell survival in the environment of the lung, or migration to hospitable
microenvironments within the lung. Ideally, I would like to have identified and employed a cell
line in which Gsc augmented metastasis from a primary tumor site, so that I could
comprehensively assess which steps of metastasis Gsc promotes. The described preliminary
experiments using the A375 human melanoma cell line may have identified such a cell line.
However, even if I were unable to identify an existing cancer cell line that can become
more metastatic at the primary tumor site upon Gsc expression, I would not be able to rule out
the possibility that Gsc does indeed promote even very early steps in the metastatic cascade. The
EMT is thought to have a role in the early as well as the late stages of metastasis. The initial
detachment of tumor cells from each other and from their ECM anchors and their invasion
through the basement membrane likely requires at least a partial transdifferentiation towards a
mesenchymal phenotype, for example (Thiery 2002). The EMT state may also be permissive to
active intravasation and to anoikis resistance. Snail has already been shown to protect cells from
this type of apoptosis (Vega et al. 2004). It may simply be difficult to find a cell line with the
genetic background and in vivo behavior necessary to reveal such a function for Gsc.
The experimental metastasis assay (tail vein injection) allows only for the assessment of
the later steps of metastasis- survival in circulation, arrest in the lung capillaries, extravasation
into the lung parenchyma, proliferation in the foreign lung environment, and evasion of host
immune surveillance. Because Gsc-expressing cells augment metastasis by this assay, Gsc likely
promotes one or more of these steps.
My injection of the Gsc-expressing and control MDA-MB-231 cells into the
subcutaneous and orthotopic sites of mice did not shed much additional light on these questions.
My motivation for monitoring the effects of Gsc on the growth of primary tumors was to address
the possibility that Gsc appears to foster metastasis upon tail vein injection merely by universally
increasing cell proliferation in any in vivo setting. In fact, I instead observed that Gsc reduced the
proliferation rate of cancer cells in vivo, making it highly unlikely that its mechanism of
enhancing metastasis derives from an ability to favor the proliferation of cells in sites of
dissemination. Moreover, as previously mentioned, the quantification of the size of the lung
metastases generated following tail vein injection revealed that the metastases formed by Gsc-
expressing cells were not significantly larger than control metastases.
Because the expression of Gsc decreased the size of primary tumors, I could not
accurately compare the effects of Gsc on the early steps of metastasis from this site. Gsc-
expressing cells were likely being selected against within the primary tumors. Moreover, the
smaller Gsc tumors would be expected to shed fewer tumor cells into the circulation simply as a
result of this size difference, and any enhancement of metastasis by Gsc would therefore have to
overcome these differences in order to be observable. Not unsurprisingly, therefore, when I
examined the prevalence of lung metastases that eventually arose in these mice, an enhancement
of metastasis in the mice with the smaller Gsc tumors was not observed.
Interestingly, experiments performed by Minn and colleagues identified two distinct
classes of genes that promote breast cancer metastasis to the lungs (Minn et al. 2005). Both
classes of genes promote metastatic colonization as assessed by the experimental tail vein assay.
However, one class not only confers metastatic capabilities but also functions within the primary
tumor to augment breast tumorigenicity. Cells expressing such genes promote primary tumor
growth when injected into the orthotopic site. The second class, in contrast, specifically confers
metastatic capabilities but no growth advantage at the primary tumor site. Cells expressing such
genes were found to be rare within the original tumor cell population and are thought to act
mainly as virulence genes. These rare cells are likely then selected for when they reach the lung
environment (Minn et al. 2005).
Accordingly, since Gsc increases the ease with which MDA-MB-231 breast cancer cells
form lung metastases but does not enhance primary tumor formation, this gene likely falls within
this second class of metastasis-promoting genes. Perhaps, in certain types of cancer, GSC is
upregulated as a result of contextual signals in only the rare cells receiving relevant signals from
surrounding stromal cells, as proposed earlier. In other types of cancer, such as the ductal-type
carcinomas as examined here, GSC expression may instead be quite widespread in the primary
tumor cell population. Perhaps in these cases, GSC is induced merely as a side effect of
particular signaling that primarily confers a selective advantage during tumorigenesis. In time,
this side-effect can acquire functional relevance, conferring a selective advantage for metastasis.
I do not yet know whether Gsc is essential for metastasis. The effect of GSC knockdown
in aggressive tumor cells (e.g. cell lines Sum 1315, MC-1 and MC-2) on the occurrence of
metastasis in vivo remains unclear, as these experiments have proven to be technically
challenging. It should be noted, however, that the inhibition of GSC may not revert cells back to
a less aggressive epithelial state and that such an observation would be an uninformative
negative result. Gsc might initiate the EMT but not sustain it. Other types of signaling, such as
TGF-P autocrine signaling, might stabilize the EMT state thereafter, rendering Gsc no longer
necessary (Oft et al. 1998). In fact, it is known that Gsc can bind its own promoter, silencing
further expression by way of a negative feedback loop (Danilov et al. 1998).
Early changes in gene expression may drive clinical metastasis
Our findings that GSC expression is upregulated in the vast majority of clinical ductal-
type tumors supports a role for this embryonic transcription factor in human breast cancer. The
upregulation of GSC occurs quite early in multi-step cancer progression rather than concurrently
with the overt display of the invasive phenotype. This result is not unusual for breast carcinoma
progression; for example, the HER2/neu gene, known to promote invasive cell behavior (Holbro
et al. 2003) and routinely used to inform both patient treatment and prognosis, is likewise already
overexpressed in human tumors prior to the overt onset of invasiveness (Menard et al. 2001).
Our observations are in accord with other gene expression studies examining different stages of
ductal-type breast cancer progression. These studies have shown that most expression changes
associated with invasiveness are already present in pre-invasive tissue (Ma et al. 2003; Porter et
al. 2003).
Moreover, our observations are consistent with other published results demonstrating that
several genes shown to promote the metastatic behaviors and poor prognosis of aggressive
cancers, such as Slug and HOXB13, are expressed in clinical specimens prior to the appearance
of the malignant tumor phenotype (Ma et al. 2004; Gupta et al. 2005a). Thus, it possible that in
human ductal-type breast tumors, Gsc primes cells for the expression of aggressive phenotypes,
which manifest themselves only later, in the context of subsequent alterations.
Importantly, our observations relate to the question of where within the course of
multistep tumorigenesis tumor cells acquire metastatic proclivity. Our observations of the
phenotypic and functional effects of Gsc expression in epithelial cells strongly argue that Gsc
can serve as a functional contributor to the metastatic phenotype in clinical tumors. GSC
upregulation above a certain threshold level may denote which early-stage tumors are primed for
metastasis. In other words, it may denote which tumors are capable of becoming metastatic if
they eventually incur the appropriate additional cooperative lesions necessary for the clinical
manifestation of this phenotype. Gsc may therefore be essential to the metastatic phenotype of
some tumors but not sufficient.
Unlike most metastasis genes studied in the context of clinical tumors, the degree to
which GSC is upregulated above normal levels in ductal-type tumors does not incrementally
increase from the least to the most aggressive breast tumor subtypes. One possible explanation is
that levels of GSC above a certain threshold value may denote tumor cells that are in a certain
cell state or have a particular genetic background, and that as long as certain additional mutations
occur in the context of such a background, metastasis can result. In other words, while an EMT
and other metastatic changes are not overtly manifested early in tumorigenesis, GSC expression
may distinguish those cells that are poised in a cell state that is fertile for metastasis from those
cells that are not.
In summary, our observations support a model in which metastasis results from the clonal
selection of cells harboring certain late-stage genetic lesions which function cooperatively with
the genetics present in primary tumors from very early stages of tumorigenesis.
It is important to note that the quantification of Goosecoid at the RNA level in these
clinical samples gives an incomplete assessment of Goosecoid activity. This transcription factor
may be regulated at the protein level by post-translational modification(s), for example.
Interestingly, Snail, another developmental transcription factor implicated in the EMT and
metastasis as previously mentioned, is known to be regulated by GSK-3p, as is p-catenin. GSK-
3P binds and phosphorylates Snail at two different motifs, thereby regulating both its stability
and subcellular localization (Zhou et al. 2004). A similar mechanism may exist for Goosecoid
that dictates, at least in part, its functional activity. It may be, therefore, that an examination of
the status of Goosecoid at the protein level in clinical samples would reveal a significant
correlation between Goosecoid activity and the invasive phenotype.
EMT-inducing genes as proliferation suppressors
In my hands, Gsc reduced the growth of most of the cell lines I ectopically expressed it
in, both in vitro and in vivo. This was routinely observed in non-transformed cell lines. Rather
than being an overexpression artifact, this effect may have notable significance. Recent analyses
in the literature suggest an inherent incompatibility with cell proliferation and migration. In one
study, Wang and colleagues compared the gene expression signature of invasive cells collected
using an in vivo chemotactic invasion assay to that of cells within the general primary tumor cell
population. Three classes of genes in particular were found to be differentially expressed
between these two groups of cells, revealing that actively invading tumor cells in vivo are
generally (1) less proliferative, (2) more resistant to apoptosis, and (3) more actively
reconfiguring their cytoskeleton compared to the bulk of tumor cells within a primary tumor
(Wang et al. 2004). In another study, Snail was found to decrease the cell cycle by directly
repressing Cyclin D2 transcription. Snail also conferred resistance to apoptosis when ectopically
expressed in cultured epithelial cells and in developing chick embryos (Vega et al. 2004).
Together, these observations raise a conundrum- invasive and metastatic tumor cells may
in fact be less proliferative than their more stationary tumor cell neighbors. How, then, are they
maintained within a primary tumor cell population that is continuously evolving through
successive rounds of clonal selection and expansion? One possibility is that even though genes
promoting invasion may decrease the proliferation rate of cells expressing them, they may confer
enough of an advantage in other ways that they are selected for nevertheless (Arendt et al. 2001).
Resistance to apoptosis may be one such selective advantage.
Alternatively, or in certain cases, invasive and metastatic cells may constitute only a
subfraction of cells within a tumor, possibly the cells in close juxtaposition with stromal cells,
for example, which transiently enter the EMT state. Such cells may revert back to their original
epithelial phenotype upon reaching distant organs, where the original contextual signals at the
primary tumor site are presumably now absent. Indeed, the EMT state is known to be reversible
(Grunert et al. 2003). Mesenchymal tumor cells in distant organs may revert back to their
epithelial state, as has been observed during development, through a process known as
mesenchymal-epithelial transition (MET) (Hay and Zuk 1995). An MET may allow invasive and
metastatic cells to thus return to a more proliferative state, which may be important for
colonization. It remains to be determined whether the EMT state induced by Gsc in the human
and canine epithelial cells is reversible. An inducible Gsc construct would be especially useful in
answering this and other questions.
Thus, even though Gsc may in fact limit the proliferation rate of cells, its elevated
expression may still be selected for in certain types of tumors. Perhaps the lung metastases
generated in my experimental metastasis (tail vein) assay would actually have grown much faster
were Gsc only transiently rather than stably expressed. Mechanistically, Gsc might alter the
proliferation rate and apoptotic sensitivity of HMECs by inducing Snail, which it was observed
to induce only mildly, or by inducing SIP]. Gsc induced SIP1 far more robustly, but SIP1 has
not yet been linked to apoptosis resistance. A knockdown Snail construct would be necessary to
determine whether the induction of Snail by Gsc is functionally significant.
Goosecoid as a possible cancer stem cell marker
Gsc may promote a cancer stem cell state in cells that express it, as may all EMT-
inducing genes. Cancer stem cells are defined as the subset of cells within a primary tumor that
are able to drive tumor formation and expansion (Reya et al. 2001). Solid tumors have been
shown to consist of a heterogeneous population of cell variants which are not all equally capable
of giving rise to new tumors (Al-Hajj et al. 2003). Those variants found within a heterogeneous
tumor that are capable of generating new tumors are deemed the tumor stem cells. Tumor stem
cells are so named because they are thought to possess the characteristics that are attributed to
normal stem cells, including the power of self renewal. Indeed, tumors are generally clonal in
nature yet they persistently consist of both non-tumorigenic and tumorigenic subpopulations,
suggesting they do harbor a self-renewing cell subpopulation that can generate self as well as
differentiated variants (Reya et al. 2001).
Two recent review articles have proposed the possibility that the EMT state identifies the
subpopulation of stem cells within a tumor, but solid experimental evidence supporting this
hypothesis is still lacking (Brabletz et al. 2005; Prindull 2005). Overlap does exist between the
types of signals known to be involved in inducing an EMT and in maintaining stemness, and
examples include Wnt, Notch and Hedgehog signals (Brabletz et al. 2005; Huber et al. 2005).
Moreover, if cells that have undergone an EMT are to seed metastases, as has been hypothesized,
such cells would presumably need to possess stem cell characteristics including unlimited
replication potential (Thiery 2002; Brabletz et al. 2005).
The prevalence of GSC overexpression in the ductal-type tumors suggests, among others,
the possibility that GSC may serve as a marker of a cell subpopulation especially capable of
generating and sustaining tumors upon transformation. Such cells may initially have been quite
rare within normal tissue, consistent with the minimal expression level of GSC in the normal
samples analyzed. However, as a tumor cell arose and proliferated, so too did this specific
subpopulation of cells that was originally quite rare, such that now GSC effectively appears to be
overexpressed across the tumor cell population relative to normal tissue (Figure 1B). In other
words, it remains unclear whether GSC serves as a passive marker of a target population that is
particularly susceptible to transformation. Such a target population might in fact be the normal
cell type from which tumor stem cells can arise. Interestingly, the embryonic cell population
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expressing Gsc at the anterior of the primitive streak in the mouse is thought to have stem cell
characteristics, and Gsc might functionally contribute to such cellular traits (Blum et al. 1994).
Specific effects of Goosecoid overexpression in clinical ductal-type tumors
If Gsc were not merely a marker but play an active, functional role in the pathogenesis of
ductal-type tumors, its expression above a certain threshold may in fact promote metastasis as
hypothesized. Given the described phenotypes observed in human and canine epithelial cells, I
would expect Gsc to be promoting an EMT. Perplexingly, however, ductal-type tumors are not
generally seen to lose epithelial E-cadherin expression and do not show a morphological shift
suggestive of such a transdifferentiation (Moll et al. 1993).
Nevertheless, we cannot rule out the possibility that Gsc does, at least in part, function in
ductal-type carcinomas to destabilize the epithelial cell phenotype. This is because we cannot
rule out the possibility that a subtle, partial EMT occurs. Careful examination of ductal-type
tumors revealed that 54% of poorly differentiated, more highly malignant IDCs showed reduced
E-cadherin staining, manifested as heterogeneous staining dotted over the cell borders (Moll et
al. 1993). Another study confirmed that while present in all in situ ductal and invasive ductal
carcinomas examined, E-cadherin staining had a patchy distribution of variable intensity
(Rasbridge et al. 1993). These observations demonstrate that a subtle reduction in E-cadherin
protein does occur within ductal-type tumors. We do not yet know whether this subtle reduction
has any functional role in the metastasis of ductal-type tumors.
The other biological functions of Gsc may also be important, such as a potential role for
this protein in apoptosis resistance and its role in enhancing motility. Notably, the observed
enhancement of motility may not be a direct effect of Gsc expression and may be contingent
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upon an EMT. If Gsc can directly enhance motility, then its expression in ductal-type tumors
above a certain threshold level may promote alternative types of cell movement, such as cohort
migration. Cohort migration is a type of tumor cell dispersal in which tumor cells detach from a
primary tumor in groups rather than as individual mesenchymal cells (Christiansen and
Rajasekaran 2006).
Unfortunately, the clinical data set used in our studies of GSC expression does not
include patient outcome information. While GSC expression levels did not correlate with lymph
node positivity in these samples, we cannot know whether or not there was a relationship
between GSC expression and the eventual occurrence of distant metastases. In breast cancer,
however, lymph node status is an established prognostic factor (Weigand et al. 1982). It may be
additional mutations that are incurred, functioning in cooperation with GSC upregulation, that
more accurately predict patient outcome.
Goosecoid expression patterns in other tumor types
I would very much like to know what the pattern of GSC expression looks like in a
variety of other cancer types. While the biological mechanisms by which different types of
carcinomas develop are quite similar, significant differences do exist between the biologies of
carcinomas derived from different types of epithelia. In tumors derived from epithelia other than
the breast or that belong to an alternative class of breast cancer, such as lobular breast cancer,
GSC might prove to unambiguously correlate with invasiveness, E-cadherin loss, and/or clinical
prognosis. Certain subtypes of gastric cancer, for example, have been found to overexpress other
prominent EMT-inducing embryonic transcription factors, including SIP 1, Snail, and Twist
(Rosivatz et al. 2002). SIP1 levels were found to closely correlate with E-cadherin levels in
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intestinal type gastric cancer samples, but Twist and Snail were not upregulated in this tumor
subtype. N-cadherin and Twist levels were closely correlated in a subset of diffuse type gastric
cancer samples, and Snail also correlated with E-cadherin loss in diffuse type samples (Rosivatz
et al. 2002). It would be especially interesting to know whether GSC is upregulated in the
samples that have reduced E-cadherin expression but no upregulation of SIP 1, Snail or Twist.
For reasons previously discussed, it would also be interesting to assess whether GSC is
upregulated in the population of tumor cells at the invasive edge of colon tumors found by
Brabletz and colleagues to show evidence of an EMT and enhanced Wnt signaling (Brabletz et
al. 2001). An antibody (or an optimized protocol using our antibody) that could be used to
specifically detect Gsc expression in situ, in clinical tissues, would be invaluable for these
studies.
Crosstalk and redundancy among the EMT-inducing embryonic transcription factors
As detailed earlier, since my thesis work on Gsc began, seven additional embryonic
transcription factors were found capable of inducing an EMT and/or metastasis. These factors
include Snail, Slug, SIP1(ZEB2), Foxc2 (MFH-1), Twist, 6EF1 (ZEB1), and E47 (E12)
(Savagner et al. 1997 {Gupta, 2005 #67; Batlle et al. 2000; Cano et al. 2000; Comijn et al.
2001)Yang, 2004 #62}(Perez-Moreno et al. 2001; Eger et al. 2005). As discussed, all except
Foxc2 are known to repress E-cadherin expression by binding specific E-boxes of the proximal
promoter (Hajra et al. 2002; Bolos et al. 2003) (Eger et al. 2005) (Perez-Moreno et al. 2001;
Yang et al. 2004). It remains to be determined whether Gsc likewise binds to these E-boxes in
the E-cadherin promoter, but the absence of a putative Gsc binding site in this region of the
genome suggests that it does not. Alternatively, Gsc could destabilize the epithelial phenotype by
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inducing other signals, such as IQGAPl, a TGF-P autocrine loop, TNFa signaling, and/or
MMPs, all of which are potentially direct Gsc targets by my analysis (Figure 2B).
One provocative question is whether these various transcription factors are functionally
equivalent, making their coexpression in a given setting redundant. These factors may work
cooperatively, and they may also regulate each other's expression. Gsc did strongly induce SIP1
and FOXC2 in HMECs, and Snail only very mildly, but not Twist or Slug. I do not know
whether these genes are direct transcriptional targets of Gsc or merely reflective of the EMT
state that ectopic Gsc induces in HMECs. Unpublished work completed in collaboration with
Jing Yang and Sendurai Mani in our lab demonstrates that Twist does not induce the same subset
of these transcription factors in HMECs as Gsc (data not shown), and that Gsc and Twist do not
induce each other in these cells (data not shown). Moreover, we have observed that FOXC2
similarly does not induce the same spectrum of EMT markers that Gsc and Twist do (data not
shown). Together, these observations indicate that these various EMT-inducing embryonic
transcription factors can cross-communicate to some degree and that there is incomplete overlap
in the sets of genes they induce.
We have also observed that the expression patterns of GSC, Twist and FOXC2 in various
cancer cell lines are distinct, though not without some overlap. Surprisingly, the expression of
GSC was found to be quite rare in established cancer cell lines, in contrast to the seven other
factors named (Batlle et al. 2000; Cano et al. 2000; Comijn et al. 2001; Bolos et al. 2003; Eger et
al. 2005) (and data not shown). GSC expression in such cell lines does not correlate with E-
cadherin or invasive status, also unlike the other transcription factors named. I do not yet
understand why this is the case.
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Another key next step in this work would be to broadly examine the expression patterns
of these various transcription factors in clinical tumor samples of many types. Also, it would be
especially interesting to assess whether one or more of the other transcription factors is expressed
in the -30% of the ductal-type tumors examined here that did not contain elevated GSC mRNA.
Finally, I would be very interested in knowing whether these various transcription factors are
regulated by distinct or common signals.
Signaling upstream of Goosecoid
Other pressing questions remain unanswered. What induces GSC upregulation in a
clinical setting? I have shown that GSC can be induced by TGF-3 signaling in human breast
epithelial cells, but do not yet know whether this is the means by which GSC expression is
elevated in clinical tissues. Is GSC only transiently induced in a subset of cells within a primary
tumor as a result of exposure to stromal signals at the tumor edge? Such cancer cells would
likely no longer express GSC upon migrating to distant tissues, having presumably abandoned
their stromal cells neighbors and thus the source of the contextual signals. Or is GSC stably
upregulated instead? In other words, does GSC upregulation result from contextual signals, the
stable misexpression of genes upstream to GSC, and/or changes to the GSC gene sequence at the
DNA level (genetic or epigenetic)? In my favorite hypothetical model, GSC is induced at the
invasion front of certain tumors as a result of contextual signals (Figure lA). While I do not yet
know the validity of this specific hypothesis, I have demonstrated here that Gsc can promote
tumor metastasis and therefore warrants further study by cancer biologists.
The degree to which GSC is induced in HMECs by TGF-1 signaling is fairly low,
suggesting that if TGF-P signaling upregulates GSC expression in tumors, it likely does so in
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cooperation with additional signaling from another pathway, as is the case in development
(Watabe et al. 1995). In Xenopus, Wnt/1-catenin signaling first induces Siamois or Twin,
proteins that in turn sit on the Wnt-responsive element in the GSC promoter (Watabe et al. 1995;
Nishita et al. 2000). It was a surprise that GSC was not found to be induced by Wnt/p-catenin
signaling in HMECs, neither in the context of TGF-3 signaling nor its absence. It may be that
GSC induction in HMECs is complicated by a need for such intermediaries. The orthologs of
Siamois and Twin in mouse and human have not yet been identified. These genes are essential
for Spemann organizer formation and Gsc induction in Xenopus (Fan and Sokol 1997; Nishita et
al. 2000). I did find putative binding sites in the human GSC promoter for proteins that partner
with p-catenin (tcf/lefs)to activate transcription, however, by genome sequence analysis. This
makes the observed lack of GSC induction in HMECs, even by a constitutively active, functional
Tcf/Lef protein, a lingering mystery. My analysis of signaling upstream of GSC is summarized in
Figure 2A.
Signaling downstream of Goosecoid
I have found that Gsc expression generates changes in the levels of the adhesion
components E-cadherin, N-cadherin, various catenins, and fibronectin, cytoskeleton-related
proteins vimentin, cytokeratins, and IQGAP1, transcription factors SIP], Snail, and FOXC2, and
the PDGF P-type ligand and receptor duo (Figure 2B). I do not yet know which of these genes
are direct transcriptional targets of Gsc and which are further downstream. Gsc could potentially
directly regulate any of these, or could elicit the observed cellular phenotypes by acting through
other gene(s) altogether. The exact mechanism by which Gsc induces these phenotypes and gene
expression changes thus remains unclear.
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I employed a bioinformatics approach in an attempt to identify genes that Gsc is
especially likely to directly control. The promoter sequences of certain genes, including IQGAPI
and N-cadherin, were subsequently found to contain putative Gsc-binding sequences. In fact, this
is how we came to discover that Gsc upregulates the levels of IQGAP 1 in human mammary cells
(HMECs). This analysis will eventually be complemented by an unbiased screen for direct
transcriptional targets of Gsc in HMECs using chIP-on-chip technology in collaboration with
others in our lab and the Young lab at MIT (Wyrick and Young 2002). This study will hopeful
reveal useful insights into the signaling downstream to Gsc and the other EMT-inducing
transcription factors.
Gsc might induce an EMT by merely regulating just one or two genes, as this might be
enough to destabilize the epithelial phenotype and initiate a cascade of EMT changes. Another
mechanism by which Gsc might trigger an EMT is by inducing a TGF-P autocrine loop or other
autocrine signaling. The induction of a TGF-3 autocrine loop is known to stabilize the EMT state
in certain systems, such that the mesenchymal state can be maintained independently of
exogenous factors (Grunert et al. 2003). I do not yet know whether such a loop is induced in
HMECs expressing ectopic Gsc, although my very preliminary data suggests that such a loop is
probably not essential for the induction of the EMT at least.
I also do not know whether the genes whose levels are altered by Gsc expression are
specific to this transcription factor or whether they are merely characteristic of an induced EMT
state. For example, components of the PDGF pathway are known to be upregulated when
epithelial cells undergo a TGF-1 induced EMT (Jechlinger et al. 2003; Jechlinger et al. 2006).
Very recently, PDGFR signaling has also been shown to have a role in metastasis and in the
maintenance of the EMT(Jechlinger et al. 2006). These discoveries indicate that the upregulation
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of PDGFR signaling components in HMECs is most likely not a Gsc-specific effect, unless in
these published systems Gsc mediates the induction and maintenance of an EMT by TGF-03.
Goosecoid implicates other Spemann organizer genes in cancer metastasis
This thesis work, together with the work of others, suggests that the process of metastasis
is not quite as complex as once thought. A tumor cell may well be able to simultaneously acquire
several cellular capabilities, such as the loss of cell anchorage, resistance to anoikis, motility and
invasiveness, by reactivating a developmental gene program for which it is already internally
hardwired.
Gsc was originally known for its essential role in normal Xenopus cell migration in the
organizer at gastrulation (Steinbeisser et al. 1995; Ferreiro et al. 1998; Yao and Kessler 2001). I
therefore hypothesized that genes driving the organizer phenotype are likely to be especially
potent in promoting cell migration in cancer metastasis, and my data supports this hypothesis.
Other genes that mediate organizer biology might likewise become active during cancer
progression. In addition to Gsc, the known organizer-specific transcription factors include
Xliml, Orthodenticle 2 (Otx2), Xnot, Siamois, Twin and several members of the forkhead family
including Foxa2 and Foxd3 (Lemaire and Kodjabachian 1996; Koide et al. 2005). Other genes
that are specific to the organizer but do not encode transcription factors include noggin, chordin,
and follistatin (De Robertis 1995; Lemaire and Kodjabachian 1996).
Perspectives
Taken together, the present results implicate the Spemann organizer gene, Goosecoid, in
tumor metastasis. Moreover, they suggest that the re-activation of conserved organizer genes to
108
promote tumor invasion and metastasis may be a recurrent theme in human cancer. My findings
therefore warrant a comprehensive examination of these genes in multiple types of human
malignancies.
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Figure 1. Proposed mechanisms of Goosecoid induction
A (far left). Gsc is induced in a non-cell autonomous fashion as a result of contextual signals
received by cells just at the invasion front of a tumor. The induction of Gsc in the context of the
pre-existed background of accumulated genetic and epigenetic lesions induces a
transdifferentiation (or EMT) in these cells. These cells are thus now especially aggressive.
Alternatively, Gsc could be similarly induced by contextual signals but might not generate an
EMT until additional, cooperative genetic lesions were sustained. This mechanism of Gsc
induction is non-cell autonomous, and the sustained expression of Gsc may be dependent on
continued exposure to stromal signals.
A (far right). Gsc is induced in abnormal tissue as a results of a genetic or epigenetic stable
event. Gsc may immediately induce a phenotypic effect or it may demonstrate a functional
cellular effect until additional collaborating mutations are incurred.
B. Gsc is expressed in normal cells present at low numbers within a given tissue. Upon the
transformation and proliferation of such a cell, the levels of Gsc will effectively appear
upregulated because the original Gsc-expressing cells are now more prevalent within the tissue.
In this paradigm, Gsc is acting cell-autonomously and may or may not provide a functional
effect.
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Figure 2. Cell signaling upstream and downstream of Goosecoid
A. A summary of the putative and confirmed signals found to be upstream of Gsc is shown in the
schematic. The signals are color-coded according to whether they were confirmed to indeed
upregulate Gsc expression or whether they are predicted by my bioinformatics analysis.
B. A summary of the putative and confirmed signals found to be downstream of Gsc is shown in
the schematic. The signals are color-coded according to whether they were confirmed to indeed
upregulate Gsc expression or whether they are predicted by my bioinformatics analysis. Gsc
promotes an EMT, and thus tumor invasion and metastasis, by presumably antagonizing the
expression of certain epithelial markers while upregulating certain mesenchymal markers.
Additional genes already implicated in the EMT and/or metastasis are also shown.
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The creation and characterization of the BPLER tumor model was the work of Dr. Tan
Ince, as were the pilot vimentin stainings of tumor cells in situ. Kimberly Hartwell stained
adjacent tumor sections for additional EMT markers and carefully examined the resulting stains
for an inverse pattern of mesenchymal and epithelial marker staining. These observations
inspired the double fluorescent stainings which were also done by Kimberly Hartwell.
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Abstract
An epithelial-mesenchymal transition (EMT) is known to promote the invasive and
metastatic capabilities of cancer cells. Moreover, an EMT may represent one mechanism by
which contextual signals from surrounding stromal cells influence the phenotype of specific
subpopulations of carcinoma cells within a tumor mass. A demonstration of an EMT
transdifferentiation event occurring in an in vivo setting as a result of exposure to contextual
signals has not been observed. Here, I have examined human breast cancer xenograft tumors for
evidence of an EMT transdifferentiation event taking place in vivo. BPLER tumor cells, which
are vimentin negative and cytokeratin positive at injection, generate tumors containing tumor
cells that are vimentin positive and cytokeratin negative. This change is specific to the invasion
front of these tumors and constitutes evidence of an EMT transition occurring in vivo,
presumably as a result of exposure to contextual signals emanating from the surrounding stroma.
115
Introduction
Tumor cells are thought to acquire metastatic capabilities by way of the gene expression
dictated by the combined effects of tumor cell of origin, genetic background, the assorted genetic
and epigenetic lesions incurred during the process of tumor progression, as well as contextual
signals (Fearon and Vogelstein 1990; Bissell and Radisky 2001; Hynes 2003; Gupta et al.
2005a). Carcinoma cells at the leading edge, or invasion front, of tumors are in close
juxtaposition with their stromal cell neighbors. Whereas tumor cells at the edge of a tumor are
thus exposed to stromal signals and can undergo heterotypic interactions with stromal cells, cells
at the interior of a tumor are shielded from the effects of stromal contact. The role of the stroma
surrounding tumors in promoting tumor progression is increasingly well described (Bissell and
Radisky 2001). Moreover, certain signals observed to be elevated at the tumor invasion front are
known correlates of metastasis, such as Tenascin C and nuclear P-catenin, suggesting that cells in
this subregion of a tumor may be especially aggressive compared to cells at the tumor center
(Jahkola et al. 1998; Brabletz et al. 2001).
Evidence of E-cadherin downregulation has been observed specifically at the invasive
edge of certain clinical colon tumors (Brabletz et al. 2001). E-cadherin is a hallmark of the
epithelial-mesenchymal transition (EMT), a transdifferentiation process that allows epithelial
cells to acquire mesenchymal properties such as a spindly morphology and motility and
invasiveness during normal processes such as development and wound healing. This transition
can be induced in tumor cells in vitro and indeed correlates with the invasive and metastatic
phenotype (Thiery 2002). However, much controversy exists as to whether this
transdifferentiation event actual occurs in vivo within a growing tumor.
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The reduced E-cadherin levels at the edge of colon tumors suggested two provocative
possibilities- that an EMT might indeed occur in tumors and that contextual signals might be
capable of inducing this transdifferentiation event (Brabletz et al. 2001). What had yet to be
observed, however, to the best of our knowledge, was evidence of a coordinated switching
between the epithelial and mesenchymal states in a given subpopulation of tumor cells. Such an
observation would strongly argue that a single tumor cell subpopulation could indeed undergo a
switch from an epithelial to mesenchymal phenotype and that such a transdifferentiation likely
results from exposure to adjacent stroma.
As I was examining a potential role for Gsc in tumor metastasis, my colleague, Dr. Tan
Ince, a postdoc in the Weinberg lab, was examining the effects of cell-of-origin differences on
the biology and prognosis of breast cancers. He developed a human tumor xenograft model,
denoted BPLER, that faithfully recapitulates human ductal adenocarcinomas and their associated
clinical biology (unpublished results, T. A. Ince et al., manuscript in preparation). Provocatively,
unlike tumors generated using human cells isolated in a traditional way that did not allow for the
modeling of clinically-relevant tumors, the tumors in his model demonstrated metastatic
capabilities in vivo. One of the many significant implications of this work was that both acquired
genetic lesions and cell-of-origin differences dictated the biology, including the metastatic
propensity, of human tumors.
Tan made the side observation that cells within these xenograft tumors showed evidence
of an edge effect. He observed by immunoperoxidase immunohistochemical staining that
vimentin, a mesenchymal cytoskeletal protein, was upregulated at the tumor invasion front.
Given our overlapping interests, I examined these tumors more closely for evidence of a
coordinated EMT shift.
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Results
By immunoperoxidase staining, I observed the same upregulation of vimentin at the
invasion front of the BPLER tumors (Figure 1A). I also stained adjacent tumor sections for other
EMT-associated markers in parallel, including E-cadherin, 1-catenin, and cytokeratins.
Strikingly, the cytokeratin staining pattern suggested a complementary downregulation of
cytokeratins in tumor regions that showed an upregulation in adjacent tumor sections (Figure
1B). Cells at the invasive edge showed almost a complete absence of cytokeratin stain whereas
cells at the tumor center stained strongly. In contrast, no difference in the staining pattern of E-
cadherin or P-catenin across tumor subregions was visible. Instead, both proteins were
consistently detected at the membrane, where they are known to comprise adherens junctions
(data not shown).
To confirm that a single population of tumor cells was showing evidence of simultaneous
vimentin upregulation and cytokeratin downregulation, I completed a immunohistochemical
double staining of the same tumors using fluorescently-tagged secondary antibodies. These
stainings confirmed that the tumor cell subpopulation in contact with adjacent stroma showed
evidence of downregulated cytokeratins and upregulated vimentin (Figure 1C).
Tan confirmed by western blotting that the originally injected, polyclonal BPLER cell
populations was vimentin negative (data not shown), indicating that vimentin expression was
acquired by a subset of these cells in vivo.
We also noted that there was no evidence of a morphological difference between cells at
the tumor edge versus the center. Also, the described transdifferentiation was not evidenced at all
invasive edges of BPLER tumors, and we do not yet understand the source of this variation
within a given tumor.
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Discussion
Together, these observations demonstrate that tumor cells can indeed undergo changes in
gene expression as a result of contact with stromal cell neighbors. We were probably only able to
observe the vimentin edge effect because the antibody that we used was specific for human, not
mouse, vimentin. Consequently, we could be sure that the vimentin positive cells detected were
injected human tumor cells rather than leaving open the possibility that they were merely
adjacent mouse fibroblasts, which are known to express vimentin.
Moreover, the change that the cells at the invasive edge were undergoing was specifically
an EMT transdifferentiation, a phenomenon that remains quite controversial among clinical
cancer biologists despite the numerous in vitro and in vivo experimental studies linking the EMT
and tumor metastasis (Thiery and Sleeman 2006). We do not yet understand why these given
EMT markers were changing yet other markers such as E-cadherin were not. It may be that the
partial EMTs observed experimentally have as much, if not more, clinical relevance than do the
complete EMT shifts that are sometimes observed instead.
Finally, the BPLER xenograft model provides the means for further study of the EMT
phenomenon in vivo, given that it is a tractable experimental system.
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Figure 1. Invasive carcinoma cells respond to contextual signals in vivo
A. The tumor cells that comprise the edge of human mammary tumor xenografts in mice express
vimentin (brown), whereas the cells at the center of the tumors do not. Immunoperoxidase
staining was used to detect vimentin by way of a human-specific vimentin antibody.
B. Conversely, cells localized to the edge of the same xenograft tumors examined in panel A
display a downregulation of cytokeratin expression (brown). Expression of this epithelial cell
marker is maintained in the cells at the tumor interior, as evidenced by immunoperoxidase
staining.
C. Double staining of a single tumor section for both vimentin and cytokeratins confirms the
hypothesized edge effect. Experimentally transformed human mammary epithelial cells form a
tumor in which the bulk of the carcinoma cells express epithelial cytokeratins (red). Cancer cells
that are in contact with the surrounding mouse stroma (blue) at the edge of the tumor have shut
down keratin expression and instead have induced vimentin expression (green). This shift, or
transdifferentiation, at the tumor edge is likely occurring in response to contextual stromal
signals.
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Materials and Methods
Immunohistochemical detection of vimentin, cytokeratins, E-cadherin and p-catenin was
performed either using the avidin : biotinylated enzyme complex procedure (Vector
Laboratories, Inc.) or using fluorophore-labeled secondary antibodies (Molecular Probes).
Formalin-fixed, paraffin-embedded tissue sections were probed using human-specific mouse
monoclonal vimentin antibody (#NCL-vim-v9, Novacastra), pankeratin-specific rabbit antibody
(#PU071-UP, Biogenex), and the E-cadherin and p-catenin antibodies detailed in the main
methods section of this thesis. Antigen retrieval was performed using heat treatment in sodium
citrate buffer.
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